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PREFACE

The rapid technological progress of the 1960s is characterized by the
advanced systems produced during this period. The Apollo spacecraft, the
metroliner, jet aircraft capable of carrying several hundred passengers,
commercial nuclear power plants, and high-speed data processing facilities
stand out as examples. These systems are highly visible and have had a
marked effect on the American public. They represent what we accept as
milestones of “progress.”

Advances made in the life sciences during the 1960s are not as visible
and only now are being accepted by the public as comparable in
importance to progress in the physical and engineering sciences. It now is
becoming very clear that a body of life sciences information is needed not
only to determine the best way in which to utilize man in complex
systems, but also to assess the impact of system operation on man. In this
latter sense, we refer to impact on all mankind and not just to effects on
humans working within a system.

As the problems of living in a technological age become more obvious,
work must be accelerated towards solutions for human-oriented issues.
Fortunately, there is a substantial body of life sciences data upon which
one may draw. Although not generally recognized, basic research in the life
sciences has kept pace with that in the physical sciences during recent
years. In 1970, Federal expenditures in this field approached 700 million
dollars, a fourfold increase over those of 1960. Data collected by the
National Science Foundation indicate that, in 1969, basic research in the life
sciences, social sciences, and psychology received 52 percent of the total
Federal basic research funds, as opposed to 47 percent for the physical
sciences, engineering sciences and mathematics.

This revision of the Bioastronautics Data Book was prepared in order to
bring together the essentials of the large body of human research
information generated in recent years and to present it in a form suitable
for engineers and others concerned with the development and evaluation of
modern “systems. This effort represents an updating and expansion of an
earlier document prepared for the National Aeronautics and Space
Administration in 1964 by Webb Associates. The revision was prepared
under the guidance of Working Group 5 of the Committee on Hearing,

ini



Bioacoustics and Biomechanics of the National Academy of Sciences.
Members of this group include:

A. Pharo Gagge, Ph.D, Chairman
Walton L. Jones, M.D.

Milton A, Whitcomb, Ph.D
Gilbert C. Tolhurst, Ph.D
Donald P. Woodward, Ph.D
Randall M. Chambers, Ph.D
Henning E. von Gierke, Ph.D
Edward J. Baldes, Ph.D

The revised Bioastronautics Data Book was prepared by BioTechnology, Inc.
under contract to the Office of Naval Research with support from the
National Aeronautics and Space Administration. It deals with a substantial
array of content areas within the broad domain of life sciences and presents
primarily that information deemed of value for system design and
evaluation. We in NASA trust that it will prove as useful as the earlier Data
Book and that it will contribute to solutions for some of the pressing
problems in human ecology now faced by man.

Charles A. Berry, M.D.
NASA Director for Life Sciences
National Aeronautics and Space Administration

Walton L. Jones, M.D.
Deputy NASA Director for Life Sciences
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CHAPTER 1
BAROMETRIC PRESSURE

by

Charles E. Billings, M.D.
The Ohio State University

Physiological studies of pressure effects have been conducted for over a
century. Still, many facets of the problem have been incompletely explored. It is
known that if man is supplied with an appropriate gas mixture, he can survive
considerable periods of exposure to a wide range of barometric pressures
(figure 1-1). Man’s ultimate tolerance limits for high and low barometric
pressures are not known, however. Likewise, it is not known whether the gas
mixtures required for such exposures are in themselves toxic.

This chapter describes the effects of alterations in barometric pressure on
human beings. The subject is of considerable importance in both aerospace and
underwater exploration, although the former area is given primary emphasis
here. The effects of barometric pressure as such must be differentiated from the
effects of changes in pressure. In the latter case, our knowledge is more
complete. Abrupt and controlled changes in pressure can be produced in
compression and decompression chambers, shock tubes, wind tunnels, and the

like.

Increases in barometric pressure are experienced most commonly during
descents through the atmosphere and underwater diving. High dynamic
(unbalanced) pressures are encountered during escape from aircraft. Still higher
pressures occur in the vicinity of explosions. Decreases in pressure are
encountered during ascents through water or the atmosphere or during
depressurization of an aircraft or space vehicle. The physical elfects of these
changes are considered in this chapter. Exposure throughout the tolerable range
of pressures is discussed first, followed by descriptions of the effects of
increases, and then decreases, in barometric pressure.

In view of the multiplicity of systems for describing pressure, the following
tables have been included as an aid to the reader wishing to convert pressure

Reviewed by th.e late Wing Commander D. I. Fryer, 0.B.E., RAF, MC, Institute of Aviation
Medicine, Farnborough, England.
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terms from onec notational system to another. Tables 1-1 and 1-2 shown here
contain many, though not all, the units of pressure measurement in common
use. The preferred units for scientific use are those of the new International
System (Systeme Internationale}, which recommends Newtons per square meter
but accepts the bar and millibar for common usage. The inch of mercury and
millibar are widely used in aviation. Millimeters of mercury are in common
biomedical use in the United States and elsewhere. In diving medicine, the
atmosphere is commonly used. Note in table 1-1 that zero feet of water cquals
I atmosphere. The increase of pressure with increasing depth in sea water is
roughly 1 atm for each 33 feet. Since air is compressible, the altitude scale is
logarithmic. The data for altitude are from the U.S. Standard Atmosphere
(1954).
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Figure 1-1. Approximate range of barometric pressure (above and below sea level)
tolerated by humans breathing gas mixtures containing the indicated concentrations of O9.
Heavy curve indicates gas mixture which will maintain sea level equivalent PO2 in the lungs
at the indicated barometric pressures, (U.S. House of Representatives Select Committee on
Astronautics and Space Exploration, 1959)

Survival Under Near-Vacuum Conditions

The vapor pressure of water at a body temperature of 37°C is 47 mm Hg
(0.9 psia). Since the human body is largely composed of water, exposure to
barometric pressures much below 47 mm Hg absolute leads rapidly to



Barometric Pressure 3

vaporization of body fluids, a process known as ebullism. That this phenomenon
does not occur precisely at 47 mm Hg is due to some degree of counterpressure
exerted by the skin and connective tissues and blood vessels.

Table 1-1
Equivalent Pressurcs, Altitudes and Depths
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Recent studies of dogs, squirrel monkeys, and baboons decompressed in
9 seconds from 250 to 1 to 2 mm Hg absolute (Bancroft & Dunn, 1965; Cooke
et al., 1967; Cooke et al., 1968) have demonstrated remarkable similarity among
these species in responses to exposure to a near yacuum. Chimpanzees respond in
the same way, though at a slower rate, to this stress. It is reasonable to assume
that similar responses would occur in humans exposed to very low pressures by
puncture of a space vehicle or suit or failure of a pressure seal under
space-equivalent conditions.

Some degree of consciousness will probably be retained for 9 to 11 seconds
(see chapter 2 under the heading Hypoxia). In rapid sequence thereafter,
paralysis will be followed by generalized convulsions and paralysis once again.
During this time, water vapor will form rapidly in the soft tissues and somewhat
less rapidly in the venous blood. This evolution of vapor will cause marked
swelling of the body to perhaps as much as twice its normal volume unless it is
restrained by a pressure suit. (It has been demonstrated that a properly fitted
elastic garment can entirely prevent ebullism at pressures as low as 15 mm Hg
absolute [Webb, 1969, 1970].) Heart rate may rise initially but will fall rapidly
thereafter. Arterial blood pressure will also fall over a period of 30 to
60 seconds, while venous pressure rises due to distension of the venous system
by gas and vapor. Venous pressure will meet or exceed arterial pressure within
1 minute. There will be virtually no effective circulation of blood. After an
initial rush of gas from the lungs during decompression, gas and water vapor will
continue to flow outward through the airways. This continual evaporation of
water will cool the mouth and nose to near-freezing temperatures; the remainder
of the body will also become cooled, but more slowly.

Gooke and Bancroft (1966) reported occasional deaths in animals due to
fibrillation of the heart during the first minute of exposure to near-vacuum
conditions. Ordinarily, however, survival was the rule if recompression occurred
within about 90 seconds. The hearts in these studies tolerated even repeated
decompression well (Cooke & Bancroft, 1966), although it is by no means
certain that the human heart will be as tolerant. Once heart action ceased, death
was inevitable, despite attempts at resuscitation. During recompression, as the
absolute pressure exceeded about 50 mm Hg (1 psia), a Jramatic reduction in
swelling was demonstrated. Breathing usually began spontancously, the time
being dependent on the duration of exposure at minimum pressure. Heart rate
and blood pressure rose to fairly high levels, then gradually returned toward
normal. There was suggestive evidence in the Cooke and Bancroft studies that
denitrogenation prior to exposure, and recompression with 100 percent oxygen,
both improved recovery time and decreased mortality. Neurological problems,
including blindness and other defects in vision, were common after exposures
(sce problems due to evolved gas), but usually disappeared fairly rapidly.

It is very unlikely that a human suddenly exposed to a vacuum will have
more than 5 to 10seconds to help himself. If immediate help is at hand,
although one’s appearance and condition will be grave, it is rcasonable to
assume that recompression to a tolerable pressure (200 mm Hg, 3.8 psia)
within 60 to 90 seconds could result in survival, and possibly in rather rapid
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recovery. There is, of course, no guarantee of a successful outcome; some
animals have died within seconds of decompression and a few others have
had severe, lasting central nervous system damage (Casey, Bancroft, &
Cooke, 1966).

Barometric pressures below those at which adequate blood and tissue
oxygenation can be maintained (about 190 mm Hg, 3.7 psia) must be considered
hostile for more than brief exposures without proper protective equipment (see
chapter 2); those below about 100 mm Hg (1.9 psia) must be considered hostile
for any exposure. Pressures much below 50 mm Hg cause almost immediate
failure of the circulation and total anoxia and must be considered lethal if
sustained for more than 60 to 90 seconds.

Human Tolerance for Low Barometric Pressures

As indicated previously, the partial pressure of water vapor in the lungs is
about 47 mm Hg (0.9 psia). The normal partial pressure of carbon dioxide in the
lungs ranges from 35 to 45 mm Hg (0.7 t0 0.9 psia). A partial pressure of oxygen
in the lungs of about 100 mm Hg (1.94 psia) will maintain essentially complete
oxygen saturation of arterial blood. A total barometric pressure of 190 mm Hg
(366 psia), then, will support a human being if his environment consists of pure
oxygen. It should be noted, however, that this figure leaves little room for
further reductions such as would occur in the face of space cabin or pressure suit
leaks, temporary failures of gas supply, dilution of the atmosphere by nitrogen
or other inert gases, or carbon dioxide buildup due to inefficient absorption or
scrubbing,

Although this pressure environment will support life for long periods of
time, it has certain inherent disadvantages. Even after virtually complete removal
of inert gases from the body, there is a finite, though minimal, risk of
decompression sickness due to evolved gas. Because oxygen and carbon dioxide
are physiologically active gases, they are absorbed rather rapidly from
gas-containing cavities in the body. This can result in symptoms, especially in the
ears, sinuses, and lungs (Hyde, Pines, & Saito, 1963).

The low density of a pure oxygen environment at 190 mm Hg
(0357 gm/liter, 28 percent of air at sea level) attenuates sound transmission and
also alters, to some extent, the mechanics of the lung-chest system. The
maximum pressure which can be developed by the system is lowered
substantially. This inhibits the effectiveness of coughing and may make it
difficult to rid the lungs of secretions or foreign matter. Breath holding time is
also markedly reduced. On the other hand, the work of breathing at high flow
rates is decreased due to reduction in the proportion of turbulent flow at low gas
density. Thus, it is easier to sustain high ventilation volumes during the
performance of muscular work (Boothby, 1964). Also, respiratory water loss
may be decreased somewhat at low total pressures (Wortz et al., 1966).

It is not known whether man can tolerate an environment free of “Inert™
gases indefinitely. The 14-day Gemini flight and a few altitude chamber tests for
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up to 30 days represent the only available data, and it is noteworthy that these
exposures have been at 258 to 282 mm Hg (5 to 5.5 psia), in the main, rather
than at the minimum tolerable pressures. When much longer exposures are
contemplated, a number of more subtle factors must be considered. These
include the possible dependence of man himself, or of his normal and essential
saprophytic bacteria, on trace amounts of nitrogen or other “inert” gases. One
study has also indicated that cell wall fragility may be increased at low total
pressures (Bomadini, 1966). Such questions as these can only be answered by
much longer experiments than those which have been conducted to date.

Man has successfully tolerated exposures of 56 days to environments
containing physiological pressures of oxygen, with helium as the diluent, at a
total pressure of 258 mm Hg (5.0 psia). Very careful medical, biochemical,
physiological, and psychological studies disclosed no adverse effects during this
period of exposure other than those which are inevitable under reduced pressure

and which have been mentioned (Welch et al., 1966).

In summary, low barometric pressures, in and of themselves, do not appear
to be harmful to man, insofar as they have been studied critically. There are
disadvantages at pressures so low that pure oxygen must be used as the sole
atmospheric constituent; many of these are minimized or alleviated by the
addition of a small proportion of a diluent gas. Pressures as low as 5 psia appear
to be innocuous for fairly long exposures.

Human Tolerance for Gaseous Environments Composed of Air

Man has been successfully adapting to a wide range of barometric pressures
for many centuries. A skeleton roughly 9000 years old was recently found in
Peru at an elevation of 13800 feet, equivalent to a pressure of 450 mm Hg
(8.65 psia). Extensive studies have been carried out on acclimatized natives at
elevations of 15000 feet in the Andes and on partially acclimatized
mountaineers at 19 000 feet and above in the Himalayas. These environments
are not optimal, and they exert a considerable physiological toll (see chapter 2
under the heading Hypoxia), but they are survivable for substantial periods of
time. There is little evidence that long-term inhabitants at elevations above
10 000 feet differ substantially from their sea level counterparts except for
decreased work tolerance and the presence of certain body adjustments to the
lower partial pressure of oxygen at that altitude.

The usual range of barometric pressurc at sea level in the United States is
from about 29 to 31 inches of mercury (14.25 to 15.25 psia). Changes occur
relatively slowly except under very unusual meterological conditions. While
certain psychological and physiological disorders have been attributed to such
changes in pressure, there is no proof of a causal relationship.

There are mines on earth in which maximum depths exceed 10 000 feet
below sea level, equivalent to a barometric pressure of at least 20 psia. There is
no evidence that men working at these depths have been harmed by the pressure.
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Increasing interest in undersea exploration during recent years has led to a
number of long-term human studies at pressures substantially higher than those
normally encountered by man. While excessive pressures of both nitrogen and
oxygen are toxic to man and animals (see chapter 2), some of the earlier studies
in which air was used as the gaseous medium (ConshelfI, two men, 7 days,
2.05 atm absolute; Conshelf II, six men, 30 days, 1.95 atm absolute; Tektite,
four men, 60 days, 2.27 atm absolute) have shown that man can tolerate at least
2 months of exposure to these environments without apparent harm (Aquadro &
Chouteau, 1967).

Human Tolerance for High Barometric Pressures

Bert, in 1876 (translated by Hitchcock & Hitchcock, 1943), described
oxygen toxicity. While this problem is discussed in chapter 2, it should be noted
here that as man has extended his technological capability under the seas, he has
found that if oxygen poisoning and nitrogen narcosis can be avoided, his
tolerance for high barometric pressures is considerable.

If the partial pressure of oxygen in the lungs is maintained at physiological
levels, and if the partial pressure of nitrogen is kept below toxic limits, other
inert gases may be added to man’s environment in large amounts. The majority
of work in this area has used helium as the inert pressurizing gas, though some
research has been conducted with other noble gases, notably argon and neon.
Hydrogen has not been popular because of its flammability when mixed with
oxygen, though it also is physiologically inert and has some theoretical
advantages for work at extremely high pressure (see chapter 2).

Leaving aside problems due to changing pressures, the physiological
problems encountered in a high pressure environment are due almost entirely to
the physical characteristics of the gas mixture used to create that environment.

At rest, man’s instantaneous respiratory flow rate rarely exceeds 1 liter per
second. Under these circumstances, most flow in the airway system is laminar;
turbulent flow occurs only at branchings and in the smallest terminal bronchial
tubes. When physical work is performed, however, ventilation volume and flow
rates increase in proportion to the power output. Under these circumstances,
volumes of 60 to 120 liters per minute and peak flow rates of 5 liters per second
are not uncommon. The proportion of turbulent flow increases substantially and
with it, the metabolic work required to move the air.

Otis, Fenn, and Rahn (1950) derived equations which describe the work of
breathing at various barometric pressures. They showed that the work required
to produce laminar flow is linearly related to the instantaneous velocity of air
movement and is essentially independent of barometric pressure, whereas the
work required for turbulent flow is a function of the second power of velocity
and is directly related to density or pressure. (In calculating the work of
breathing at altitude, the compressibility of alveolar air must be taken into
account [Jacger & Otis, 1964]; this factor is relatively unimportant at high
barometric pressures.) Figures 1-2 and 1-3 illustrate some effects of high
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pressures on ventilation. Wood, Bryan, and Koch (1969) have recently
demonstrated some of the limiting factors in respiratory mechanics at very high
pressures. The theoretical limit for steady-state breathing at depth is the point at
which the work to move a given quantity of gas requires all the oxygen which
can be extracted by the blood from that increment of gas while it is in the lungs.

BAROMETRIC PRESSURE (psia)

80 4 ESTIMATED REDUCTION IN MAXIMUM BREATHING CAPACITY
WITH DEEP DIVE (air and 8% oxygen in helium)
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Figure 1-2. Calculated reductions in maximum ventilatory capacity with increasing depth
breathing air or He—09. (Data of Workman, cited by Wood, 1963)

It is possible, by using combinations of oxygen, nitrogen, and helium, to
maintain a gaseous environment whose partial pressure of oxygen and density
remain at sea level values up to a total pressure of 5.74 atm absolute (84.4 psia),
at which pressure the mixture contains 3.7 percent oxygen and 96.3 percent
helium (figure 1-4). At greater pressures, the density of an appropriate
oxygen-helium mixture increases almost in proportion to the total pressure
(figure 1-5). Using oxygen-helium mixtures, brief habitability studies have been
carried out at pressures as great as 684 psia (equivalent to 1500 feet of water)
and much longer experiments have been conducted to lesser depths (Aquadro &
Chouteau, 1967). These are discussed in more detail in chapter 2, since it
appears that most of the physiological changes observed are due to the gases in
the breathing mixtures, rather than to the pressure per se.

Other problems must be considered when man lives in a gaseous environment

composed mostly of helium. The thermal conduclivity of this gas is high; as a
result, higher environmental temperaturcs are required to maintain man in the

437 358 O - T8 -2
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zone of thermal neutrality (see chapter 3, Temperature). Very recent studies
indicate that during work at depths greater than 600 feet, respiratory heat losses
are considerable and can threaten man’s ability to maintain thermal equilibrium
even in the face of increased heat production (Rawlins, 1970). Speech is also a
problem; the low density of helium produces a rise in the fundamental pitch of
the human voice (Cooke, 1964; Cooke & Beard, 1965; Wather-Dunn, 1967).
While this is partially compensated for over a period of time, intelligibility is
appreciably decreased.

Man’s ultimate tolerance limits for high barometric pressure are not known.
It is possible that the work of breathing at rest will set a practical limit, although
there may well be other factors yet-undetected, which will limit longer stays
at lesser pressures (see chapter 2). In an effort to extend very considerably
the tolerance limits, Kylstra (1967) has conducted experiments in which
water instead of air is used as the carrier of oxygen and carbon dioxide.
This technique, radical though it seems, may well be feasible at a later
point in time. Extremely high static pressures may curtail or interfere with
biochemical reactions which involve changes in tissue or molecular volume

(Fenn, 1967).
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increasing depth at constant values of respiratory work: 1.8 kgM/min, ““a level which can be
sustained for many hours,” and 7.2 kgM/min, “respiratory work which can only be
performed for a few minutes.” (Redrawn from the data of Buhlmann, 1963)



Barometric Pressure 11

DEPTH {feet of sea water)

0 30 60 9% 120 180
100 T T T 1 T
|
!
|
80 ]
_ i
# 18
2 s
Q
. 60 I'%
2 |2
=) |@
2 .
5 E
£ 4 IS
w |z
& <
2 w
& le
Q Icn
20 |
|
|
|
Q 1 1 i |
15 25 80 T3

BAROMETRIC PRESSURE (psia)

Figure 1—4. Mixtures of O2, Ng, and He which will maintain sea level equivalent density
and normal PO2 in the lungs at various total pressures. Above 5.74 atm absolute, sea level
gas density cannot be maintained without resorting to Hy-O9 mixtures. (Billings, 1964)

PRESSURE, ATMOSPHERES ABSOLUTE

5 10 15 20 25 30
T - A

Er T T T

DENSITY (GM'L)
CONCENTRATION OF OXYGEN ("}

— 1
0 200 400 600 800 1000

DEPTH IFEET OF SEA WATER)

Figure 1—5. Density of mixfures of He and O2 which will maintain a sea level equivalent
PO3 in the lungs, as a function of barometric pressure and depth in the sea water. (Billings,

1964)



12 Bioastronautics Data Book

Changes in Barometric Pressure

It has been indicated that human tolerance for barometric pressure extends
from less than four to at least several hundred psia. Changes in barometric
pressure in themselves, however, also exert profound physical and physiological
effects on man. This section deals with increases and decreases in pressure.

Effects of Increases in Barometric Pressure

Increases in barometric pressure are encountered during descents through the
atmosphere (whether in space vehicles, aircraft, or elevators), during repres-
surization of a space vehicle following extravehicular activity, and during dives in
water. Local increases in pressure within the body, sometimes of considerable
magnitude, occur with coughing, sneezing, blowing the nose, and with
mechanical straining in the act of defecation. Exposure to high dynamic
pressures, as well as high rates of change of pressure, occur when the body 1s
suddenly subjected to windblast during ejection from aircraft. Still higher
pressures are encountered in the vicinity of an explosion.

Problems Due to Trapped Gas Within the Body. If the human body were
composed entirely of fluids, it would tolerate quite sudden changes in pressure
well. The body has several cavities, however, which normally contain gas. The
most important during increases in pressure are the ears, the paranasal sinuses,
and the lungs. When rates of compression are relatively slow (no more than 1 to
2 psi/second), the primary concern is the ear. Such rates of change can occur
during the dive of a fighter aircraft, during emergency recompression of an
altitude chamber, or during a diver’s descent through water.

The Ear. The eardrum is a slightly flexible partition between the external
ear canal and the middle ear, a small air filled cavity which communicates with
the environment only through the Eustachian tube, which opens into the back
of the nose (figure 1-6). Air leaves the middle ear passively during decompression
or ascent, but the mucous membrane lining the tube tends to prevent air from
reentering the Eustachian tube without voluntary muscular effort during
recompression,

Rapid recompressions from 28 000 feet to sea level, an increase of 10 psia,
were performed by Raeke and Freedman (1961). The rates of change are shown
in figure 1-7. None of the subjects sustained serious ear damage during the tests,
In three of 28 tests, however, it was necessary to initiate reascent of the chamber
to aid the subjects in equalizing pressure across the eardrumn.

Table 1-3 summarizes the symptoms which result from a differential pressure
across the eardrum. Once high differentials exist, it is difficult or impossible to
force air into the middle ear voluntarily; avoidance of such differentials requires
frequent attention during rapid descents. Descents of less than 500 feet per
minute in the lower atmosphere (0.25 psia/minute) are usually tolerated by
inexperienced air passengers without difficulty, though modem pressurization
controllers arc usually operated at perhaps half this rate.
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Schematic of the middie ear, showing the
rigid structure except at the eardrum, which
is semi-tlexible. The Eustachian tube
openings are at the junction of the nass!
cavity and the upper throat,
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During ascent, the pressure in the external
ear canal and nose drops, creating a positive
differential within the middle ear. The
eardrum bulges outward, then air leaves the
middie ear,

During descent, a negative pressure
differentiat is created within the middle ear.
The drum is pushed inward, but air cannat
re-entar the middie ear without voluntary
effort.
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Figure 1-7. Rapid compressions from 4.7 to 14.7 psi (28 000 ft to sea level).
(Racke & Freedman, 1961)
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Table 1-3

Type of Ear Complaints Encountered During
Change in Barometric Pressure

Ascent Complaint Descent
{mm Hg) {mm Hg)
0 No sensation; hearing is normat (ievel flight) 0
+3-— 5§ Feeling of fullness in ears - 3~ 5
+10 - 15 More fullness, lessened sound intensity — 10— 1%
+16 — 30 Fuliness, discomfort, tinnitus in ears: — 15— 30

Ears usually ““pop’* as air leaves middle ear
Desire to clear ears; if this is done, symptoms

stop

+30 plus Increasing pain, tinnitus, and dizziness - 30- 60
Severe and radiating pain, dizziness, and nausea — 60—~ 80
Voluntary clearing becomes difficuit or
impossible —-100
Eardrum ruptures 200+

{Modified trom Adier, 1964)

NOTE: During ascent pressure in middie ear is higher than ambient pressure; during
descent, middle ear pressure is lower than ambient.

The likelihood of difficulty in “clearing the ears,” and thus the likelihood of
barotitis, as ear trouble due to pressure change is called, is much greater in an
individual in whom the nasal mucous membranes are swollen, with resultant
constriction of the Eustachian tube orifice. This occurs with upper respiratory
infections such as the common cold, nasal allergies (hay fever), and the like.
Barotitis is the most common medical problem in the flying population, largely
because the conditions which cause it are so common in temperate climates.

The Sinuses. The paranasal sinuses are small, rigid air filled cavities in the
skull. They communicate with the nose through small ducts. Unlike the
Eustachian tube, these ducts show no particular predisposition to blockage
during descent. Inflammation or swelling of the mucous membranes of the
sinuses of nose, however, can cause partial or complete obstruction of these
ducts, and thus a differential pressure between the sinus and the environment
during changes of environmental pressure. Severe or incapacitating pain may
result, a condition known as barosinusitis.

The Teeth. Occasionally, toothaches are reported during changes in
barometric pressure; this is called barodontalgia. The condition usually
occurs in teeth which have been filled, or in which cavities are present. The
explanation usually given is that a small air bubble is trapped below a
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restoration or in the decayed tooth substance. There is, however, evidence that
loose fillings may allow saliva to penetrate into the interior of these teeth during
changes of pressure (Restarski, quoted by Adler, 1964).

In summary, symptoms due to trapped gas are relatively common in altitude
chamber flights, where the changes in pressure are fairly large. It should be
noted, however, that the rate of pressure change with changes in altitude is
greatest near sea level. The three problems cited, therefore, commonly occur at
comparatively low altitudes and in diving. Barotitis, in particular, often occurs
below 5000 feet altitude. The incidence of such problems in a large number of
routine altitude indoctrination “flights” is shown in table 1-4.

Table 1-4

Incidence of Symptoms Due to Trapped Gas
in 51 580 Altitude Indoctrination Flights™

Severity (Grade)

Symptoms - Total
- N i v T
Ear pain 6650 2437 514 - 9601
Abdominal pain 2738 1187 322 12 4259
Sinus pain 1516 723 176 - 2415
Toothache 285 142 118 — 545
TOTAL 11189 4489 1130 12 16 820

*Numbers shown are rates per 100 000 man-flights.
(From data ot Berry, 1958)

The Lungs. Unlike the middle ear, sinuses, and teeth, the lung-chest
system 1s capable of wide variations in volume. Its minimum, or residual, volume
in an adult male is commonly less than 1.5 liters; its maximum volume during
full inspiration may exceed 8 liters. When barometric pressure increases,
therefore, the volume of gas in the lungs is free to contract. If the lungs are in
communication with the environment, air flows into them. During breath-
holding diving, however, the volume of air in the lungs contracts in accordance
with Boyle’s law (allowing for the constant pressure of water vapor).

If the pressure ratio (ratio of final to initial pressure) is such as to compress
the air in the lungs to less than the residual volume of the system, a phenomenon
known commonly as “squeeze” occurs. The relative vacuum in the lungs causes
an increase in the blood volume in the chest. The lungs are pulled toward a
position of greater collapse than they can attain within the closed chest; the
result is pain and hemorrhage into the lung tissue and airways. This condition is
of practical importance only in underwater work, where large changes in
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pressure can occur rapidly. It is the limiting factor in breath-holding diving
(Schaefer et al., 1968). Squeeze can also occur in face masks used in diving if air
is not introduced into the mask during descent.

Problems Due to High Dynamic Pressures on the Body. During ejection or
manual escape from aircraft, a pilot is suddenly thrust from a cockpit in which
the air around him is moving at the same velocity he is into an environment in
which he is a projectile. The dynamic pressure Q exerted on the frontal surface
of his body (if he is facing forward) is a function of the air density and his
airspeed.

Pv2
Q=3

Pressures of 1000 psf (7 psig) are not uncommon during high speed, low
altitude ejections. Figure 1-8 shows data collected during human exposures to
high dynamic pressure produced on an underwater centrifuge. The figure shows
injuries produced by the more severe exposurcs. Figure 1-9 shows the separation
forces developed on the arms and legs plotted against overall dynamic pressures
(Fryer, 1962). It should be noted that ejection in the rearward facing position
offers a substantial degree of protection against Q forces, by interposing the seat
between the subject and the source of pressure (see chapter 4, Sustained Linear
Acceleration).

Problems Due to Blast. A pressure wave, moving outward from the source of
an explosion, may act as do high dynamic pressures on people and objects in its
path. Many injuries caused by explosives are due to bodies being thrown about.
If a body is restrained, however, the overpressure will cause different
displacements of the compressible and incompressible portions of the body.
These overpressures, and tne following underpressures, involve very rapid
changes of pressure and thus of local force fields within the body. The chest, and
other air filled cavities, not being entirely elastic, cannot respond instanta-
neously. As a result, substantial shear forces are produced, with tearing of
tissues.

No data are available on fatal shock pressures in man. Figure 1-10 shows
50 percent lethal shock pressures for animals restrained in a shock tube, with an
estimate of the median lethal overpressure for man. Figure 1-11 shows calculated
curves of equal maximum strain in the human lung.

The pulse signature of sonic booms involves an almost instantaneous rise in
pressure, a ramp decay, and a very rapid return to atmospheric pressure
following the passage of the wave (N wave). Sonic booms, however, rarely
involve peak pressures of more than 10 psf; pressure changes of this magnitude
are annoying, but not physically harmful, to humans. Most booms encountered
on the ground have peak pressures no higher than 1 to 2 psf.
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overpressure for 70 kg (man-sized) animal. (Sources: Richmond & White, 1962)
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Effects of Decreases in Barometric Pressure

Decreases in barometric pressure occur when a diver ascends through water,
or when an aircraft or space vehicle ascends through the atmosphere. More
sudden decreases in pressure are encountered during depressurization of an
aircraft, space cabin or pressure suit, whether accidental or intentional.

Effect of Decompression on Trapped Gases.

The Ears, Sinuses, and Teeth. It was mentioned previously that the ear
rarely poses a problem during ascent because the structure of the Eustachian
tube allows air to escape from the middle ear passively. Pain in the sinuses is
more likely to occur if an obstruction to airflow exists. Tooth pain is probably
more common during ascent than descent.

The Stomach and Intestines. The human gut contains a variable amount
of gas, some of it swallowed with food and saliva, the rest arising from the
metabolic activity of gas-forming bacteria in the intestinal tract. The volume of
intestinal gas at sea level usually varies from about 0.05 to 0.10 liters. Ingestion
of gas-forming foods, such as baked beans, can, however, elevate this value by an
order of magnitude (Allen & Chinn, cited by Greenwald, Allen, & Bancroft,
1967). In one series of experiments, Greenwald and coworkers (1967) observed
increases in intestinal gas volume in subjects decompressed to high altitude
(figure 1-12), together with a roughly predictable increase in the incidence of
abdominal symptoms (figure 1-13). In these studies, however, subjects
attempted to retain intestinal gas throughout the exposures.

Normally, an increase in the volume of a gas bubble in the gut causes
stretching of the walls of the tube, which reflexly causes propulsive muscular
contraction of the walls, together with the feeling known as “cramps.” These
propulsive contractions usually move the gas to the lower bowel, from which it
is expelled. If the gas is in the stomach, it is expelled by belching. Such gas
bubbles have, however, been known to cause vomiting in divers during ascent.
Adler (1964) reported a lower incidence of symptoms due to intestinal gas
during routine altitude chamber flights.

Bryan (1961) has hypothesized that whereas relatively slow expansions of
intestinal gas leads to muscular contractions, cramps, and, usually, to expulsion
of gas, very rapid expansion during a rapid decompression may simply result in
extreme stretching of a relaxed gut wall, which, by reflex action, can cause
marked slowing of the heart and unconsciousness without warning. It may be
difficult to differentiate fainting due to this from that due to lack of oxygen or
to decompression sickness.

The Lungs. Although the air in the lungs and airways is normally in free
communication with the environment, the outward flow of air during a very rapid
decrease in barometric pressure is limited by aerodynamic considerations. The
physical damage that may occur in the lungs is generally considered to be
the critical limiting factor in human tolerance for very rapid
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decompressions. Haber and Clamann (1953) have defined pressure transients
during rapid decompression in terms of the two principal parameters. The
time characteristic, t; has the general form:

Where Vis the volume of the container being compressed, A is the effective
area of the orifice (Ais always somewhat smaller than the geometric
orifice, for aerodynamic reasons), and C is the velocity of sound.
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Figure 1-12. Expansion of lower trunk during slow decompressions from near sea level to
indicated barometric pressures. Filled circles denote studies in which water-filled stomach
tube was connected to pressure transducer; open circles represent experiments without tube.
X’s show lower trunk volumes after decompression and return to original pressure. (Adapted
from Greenwald, Allen, & Bancroft, 1967)
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Figure 1-13. Incidence of symptoms of abdominal fullness or pain (circles) during
slow decompressions, versus average increase in intestinal gas volume at indicated
pressures. Curves for initial gas volumes were derived from equation shown, in which
P) = ambient ground level pressure, P = pressure at any point during ascent,
P}, = intraabdominal pressure (gauge), and Py, = water vapor pressure at body
temperature. (Adapted from Greenwald, Allen, & Bancroft, 1967)

The pressure factor P’ is a function of the initial pressure P; and the final
pressure Py in the container (figure 1-14).

A

The total decompression time, or duration of the transient tg is the

product of the time characteristic of the system t;and the pressure
factor P

tg =t -P

If the time characteristic of the human lungs and airways is greater than
the time characteristic of the pressure suit or cabin in which a subject is
confined during a decompression, a transient differential pressure buildup
must occur within the lungs. This is illustrated diagrammatically in

figure 1-15.

Figure 1-16 shows experimental data demonstrating the differential
pressures observed during various decompressions. Points have been derived
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from the data of Luft and Bancroft (1956) and Luft, Bancroft, and Carter
(1953). Though Adams and Polak (1933) have shown that the mammalian
lung may rupture when distended by a differential pressure above about
80 mm Hg, the subjects for whom data are shown in the figure were
apparently uninjured. Figure 1-17 shows the time characteristic as a function
of container volume V and effective orifice area A. The time characteristic
for one of the subjects whose data are plotted in figure 1-16 is shown.
Since the volume of the lungs varies with respiration, it is obvious that the
time characteristic of the lungs may vary considerably, depending on the
phase of respiration during which a rapid decompression occurs. The time
characteristic increases to infinity during swallowing or straining, when the
airway is closed by the glottis. Severe lung injury or death can result from
a rapid decompression while the glottis is closed.

PRESSURE FACTOR - P’

1 /

0 n 1 L A i

0 .2 4 6 .8 1.0
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FRACTIONAL PRESSURE DIFFERENTIAL 5

Figure 1-14. Pressure factor P related to fractional pressure differential.
(Drawn from data of Haber & Clamann, 1953)

Experiments on dogs rapidly decompressed from 180 to less than
2 mm Hg (a fractional pressure differential of 0.99) in 1.0 or 0.2 seconds demon-
strated lung damage in all cases. Changes in the lungs after a 1 second decompres-
sion, however, were reversible in animals who stayed at the low pressure for short
periods of time; they became more severe and lasting as exposure time at 2 mm Hg
increased (figure 1-18). If total exposure time was less than 90 seconds, only mild
residual findings were observed. Faster decompressions produced more severe and
lasting damage (Dunn, 1965). Estimates of the probable danger zone for explosive
decompressions are shown in figure 1-19.
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Problems Due to Evolved Gas Within the Body. During prolonged exposure
to atmospheres that contain physiologically inert gases (nitrogen, hydrogen,
helium, argon, xenon, and krypton), the body fluids (water and fat) contain
amounts of these gases in solution proportional to the partial pressure of the gas
in inspired air and the solubility of the gas in water and fat at body temperature.
If the body is subsequently exposed to a much lower barometric pressure, inert
gases tend to come out of solution (the phenomenon of effervescence). Oxygen,
carbon dioxide, and water vapor diffuse rapidly into evolved bubbles of inert
gas. Such hubbles, if they form in tissues, may produce pain, especially around
the joints. Bubbles within fat cells may cause rupture of the cell walls, allowing
fat Lo enter the cireulation. 1f bubbles form within blood vessels, they are carried
to the small terminal vessels of the body (especially the lungs) where they lodge,
cutting off the blood supply of the tissues behind then. The symptoms caused
by evolved gas are known collectively as decompression sickness.

This disorder is a potential problem in divers who ascend to the surface of
the water after minutes or hours at depth, in caisson workers who are
decompressed at the end of cach working day, and in aviators or astronauls who
are exposed o low barometric pressures after reaching equilibrium at higher
pressures.

Decompression  Sickness. Decompression sickness in its various forms is

much more common in divers and caisson workers than in aviation personnel. In

GH7-40n O ER B
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the latter context, it has heen reported at altitudes as low as 8000 feet
(10.9 psia) in pilots who took off shortly after a period of scuba diving at
modest depths. This problem and its prevention are discussed by Edel and
coworkers (1969). Decompression sickness has been reported at altitudes of
17000 feet (7.64 psia) without previous underwater exposure; one fatality has
oceurred after exposure o 18 000 feet (7.3 psia). Despite these isolated cases.
the disorder is uncommon below about 30 000 feet (4.4 psia).

The symptoms of decompression sickness are rarely observed during the first
few minutes of exposure to low pressure. Thereafter, the rate of appearance of
symptoms is a function of exposure time (figure 1-20). Several factors influence
the incidence of decompression sickness at high altitude. Among the most
important is exercise (figure 1-21). Other factors which are strongly positively
correlated are age and body weight (especially body fat mass) (figure 1-22),
There i evidence that cold also increases the incidence of decompression

sickness.

- % min

RATE OF APPEARANCE OF SYMPTOMS

60 80 100 120

TIME - min

Figure 1-20. Rate of appearance of symploms of decompression sickness as a function of
exposure time under standard conditions. Histogram represents observed data; curve
overlying it is derived from a formula for bubble formation. (Redrawn from Nims, 1951,
cited by Fulton, 1951)

While joint pains (bends) are by far the most common manifestation of the
disorder, other more serious symptoms are also observed. The relative incidence
of these manifestations in two large series of observations is shown in table 1-5.

There is little doubt that the cause of decompression sickness is bubbles of
gas evolved from solution in the body fluids. There are probably other related
factors, however, having to do with the circulation of blood to various regions of
the body. Useful general references which treat the subject in detail are Nims

(1951), Anderson (1965), and Fryer (19069).

Protection Against Decompression Sickness. Since the appearance of
decompression sickness is highly correlated with the quantities of inert gases in
the body in relation to their solubility in body fluids, one effective means of
decreasing the incidence of this disorder is to affect partial elimination of these
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inert gases prior to or during ascent. The quantity of inert gas in solution in the
human body at equilibrium is a function of the partial pressure of that gas in the
inspired air and the solubility of the gas in water and in fat. When the inert gas is
removed from the inspired gas mixture, the gas will be cleared from the body
(washed out) at a rate which depends on a number of factors. Among these are
the ventilation volume and the cardiac output, both of which are elevated during
exercise. Inert gas in the lungs is diluted and washed out very quickly. Blood
coming to the lungs is also cleared relatively rapidly. The clearance of gas from
the various tissues of the body proceeds at a rate proportional to the blood flow
through the tissues, the solubility of the gas in water versus that in oil, and
tissue-blood vessel geometry.

Table 1-5

Incidence of Decompression Sickness in High Pressure
Environments and at High Altitude

Incidence (%)

Type
Caisson Workers*® Altitude Workers**
Bends (alone or with
other symptoms) 33.34 2.4
CNS symptoms 298 0.03
Chokes 0.60 0.07

*Data of Keays, in Adler (1964) for 557 000 work shifts in 10 000
caisson workers.
**Data of Berry (1958) for 51 580 man-exposures in altitude chamber
training flights. Number of subjects is not specified, but the number
of exposures per man was probably one in nearly all cases.

Nitrogen is very soluble in fat and less soluble in water. In contrast, helium is
only slightly soluble in body fluids. Nitrogen is cleared from the body rather
slowly, helium much more rapidly. Elimination of either gas is facilitated by
exercise. This is illustrated in figure 1-23,

As noted above, inert gas may be eliminated from the body by breathing air
free of that gas. Most studies of decompression sickness have utilized 100 percent
oxygen as the inspired gas during the nitrogen washout period. The effect of such
preoxygenation (actually preexposure denitrogenation) is illustrated in
figure 1-24. In all cases, after a control period at ground level, subjects were taken
to 38 000 feet breathing oxygen, at which altitude they performed five knee bends
every 3 minutes until the appearance of joint pains, presumably caused by
extravascular bubble formation. The protective effect of nitrogen washout is in
part a function of the duration of preoxygenation prior to exposure to altitude, but
protection is not entirely proportional to the extent to which body nitrogen stores
are depleted. Occasional cases of decompression sickness are seen even after many
hours of preexposure denitrogenation.



BODY STORES ELIMINATED - %

Figure 1-23. Ng and He washout by O2 breathing at sea level, with and without exercise.

Barometric Pressure

100 I
C\SE_,_._--—————-..._
i wl\lﬂeg&g;, | 7“@/'&\%»‘ AT REST I ——oet"
: - e—
e AR
s0j— < = |
.
i /L(/\SQ‘ ﬂoyﬁg/
/ BACE A
" !{Q' ‘,\Q/
G ET T |
| S
30_'__/,_/43;\\ /
A /
| //e /
w1
]
'
R
/|
H I
10 | /
oLl
0 10 2 0 40 50 50 70 po

TIME OF EXPOSURE TO ATMOSPHERE FREE OF GAS - min

29

(Drawn from data of Behnke, 1945; Balke, 1954; and Roth, 1959; reprinted by permission
of Williams & Wilkins Co., Baltimore, Maryland)

CUMUL/ATIVE INCIDENCE OF BENDS - %

Figure 1-24. Effect
level or 18 000 {t) on ap

80

60%-

"PREOXYGENATION
30 or &0 min ar seo level @

120 min ot 18000 1 W
. +

PREOXYGENATION

120 min at sea lest A

0
DURATION OF EXPOSURE AT 38,000 FEET - min

exercise. (Drawn from data of Balke, 1954; and Marbarger, 1957)

60

of Ng washout (cffected by breathing O2 for 30 to 120 min at sea
pearance of bends during subsequent exposure at 38 000 ft with



30 Bioastronautics Data Book

The washout rates of nitrogen and helium were illustrated in figure 1-23.
Since both of these gases (as well as ncon) have been suggested as atmospheric
constituents for long-term space missions, it is well to mention that there are
appreciable differences between the two as regards the decompression sickness
which can occur when they are used. Figures 1-25 and 1-26 indicate that
following decompression from 7.0 to 3.5 psia, bends symptoms appeared earlier
with helium than with nitrogen, and required greater increases in pressure before
relief of symptoms occurred (Beard et al., 1967). This is similar to the
experience in diving, in which both gases have been used extensively. Even
though the blood and tissue fluids contain less helium than nitrogen after
saturation at any pressure, exposure to a lower pressure where bends can oceur is
more likely to lead to symptoms, and the symptoms are likely to be more severe,
with helium. This is presumably because of helium’s relative insolubility in body
fluids as compared with nitrogen.

TIME OF ONSET

100

gof- < HELIUM

60 -

NITROGEN
40

20
— BOUTS OF EXERCISE -~~~

CUMULATIVE PERCENTAGE OF BENDS CASES

Pi \

04
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TIME (min}

Figure 1-25. Time of onset of bends during standard work at 3.5 psia following prolonged
exposure to He-Og at 7 psia (24 cases of bends in 106 flights) or N9-O2 at 7 psia (21 cases
of bends in 119 flights). Subjects breathed 100% Og while at 3.5 psia. (Taken from Beard et
al., 1967) o

Treatment of Decompression Sickness. The treatment of decompression
sickness consists primarily of mcasures designed to decrease the size of bubbles
as much as possible and to hasten their dissolution. The first is accomplished by
recompression  or - overcompression {a bubble, once formed, will behave
according to Boyle’s law as the pressure on it is increased; it will not disappear
upon return to the pressure from which the experiment began). Dissolution of
the bubbles is thought to be enhanced by treatment with 100 percent oxygen, if
the treatment is carried out at 3 atm absolute, or less, or with the highest safe
oxygen tension when higher total pressures are used (Mclver, 1966).
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Figure 1—26. Increase in pressure required to relieve bends symptoms
shown in figure 1-25. (Taken from Beard et al., 1967)

Meclver and coworkers (1967) have pointed out in this regard that by using
both maximum space cabin pressure and maximum differential suit pressure, it is
possible to provide a limited degree of overcompression in 100 percent oxygen
for treatment of decompression sickness occurring during space {light. Their
studies indicate the shortcomings of this approach, but they also indicate that it
would be at least partially effective.
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CHAPTER 2
ATMOSPHERE

by

Charles E. Billings, M.D.
The Onio State University

The composition and pressure of the gaseous environment in which man lives
are critical in life processes. Chapter 1 described the effects of barometric
pressure per se. In this companion chapter, consideration is given to the
properties of elements and compounds which make up or may be added to a
gaseous environment suitable for the human. Both abundant and rare gases are
discussed, since virtually all the inorganic gases found in earth’s atmospheric
envelope have been used or considered for use in life support systems. Oxygen is
considered first since it is the one atmospheric constituent whose presence is
absolutely necessary for survival. Carbon dioxide is considered next. Although
its presence in the environment is not necessary for human life, it, too, is
involved in human metabolism and is produced in considerable quantities by
man. The remainder of the chapter is devoted to nitrogen, the noble gases, and a
brief consideration of other gaseous compounds.

General Considerations

Nearly all the oxygen and carbon dioxide in the human body are present as
loosely-bound chemical compounds. These gases enter and leave the body
(mostly through the lungs) by diffusion in response to gradients between their
partial pressures in the body fluids and in alveolar gas. In the absence of a
pressure gradient either in the lungs or in the body tissues, no net flow of either
gas can occur. Carbon dioxide is an extremely diffusible gas in tissues made up
largely of water; oxygen is less easily diffused.

Figure 2-1 shows the partial pressures (tensions) of oxygen in the environ-
ment, in the airways during inspiration, in alveolar gas, in the arterial blood as it
leaves the lungs, and in the tissues, where the gas is transferred to its ultimate
utilization sites. Similarly, carbon dioxide tensions are shown in the tissues,
where carbon dioxide is produced by the combustion of foodstuffs, in the

Reviewed by Christian J. Lambertsen, M.D., University of Pennsylvania Medical Center.
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venous blood which carries it to the lungs, and in the alveolar air and arterial

blood.
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Figure 2—1. Partial pressures of O9 (above) and CO2 (below) in air at sea level and at various
points within the body. Drop in PO32 at (1) is due to saturation of incoming air with water
vapor; at (2) to presence of CO2 in alveolar gas; at (3) to limitations in diffusing capacity
of O2;at (4) to extraction of Og from arterial blood. The value shown for capillary blood is
a mean. Venous blood in man at rest has a PO2 about half that of arterial blood. All values
are approximate. COg is 20 times as diffusible as O9. Venous blood is in virtual equilibrium
with tissue; arterial blood is in equilibrium with alveolar air.

Since all gases in the body are saturated with water vapor, the sum of partial
pressures of components of the gas mixture must always be less than the
ambient environmental pressure by roughly 47 mm Hg (the partial pressure of
water vapor at 37°C mean body temperature). To re-express Dalton’s law in
these terms,

PB —_ PH2 = PO2 + PC02 + PN2 + PA + ...
where Pg is barometric pressure and Py, etc., the partial pressures of the

various gases.

The effect of saturation can be seen in figure 2-1: as air enters the upper airways,
the partial pressures of oxygen and nitrogen drop slightly due to the addition of
water vapor to the gas mixture.
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It is important to keep in mind that it is the partial pressures, rather than the
concentrations, of these substances which govern their movement in the body.
As an example, the concentration of carbon dioxide in alveolar air at sea level is
roughly 5.3 percent (40 mm Hg partial pressure atl a barometric pressure of
760 mm llg). At a pressure altitude of 39000 feet (Pg 147.5 mm Hg), its

concentration at the same partial pressure is 27.1 percent.

All gases present in the atmosphere are also found in solution in the body
fluids. The quantity of any gas in the body at equilibrium with its environment
is a function of the partial pressure of that gas in the lungs and its solubility in
water and fat. Roth (1967) provides a detailed discussion of this topic.

The human body utilizes oxygen in the combustion of fats, sugars, and
proteins in the process known as metabolism. The end products of its metabolic
processes are carbon dioxide, water, and nitrogenous compounds, principally
ammonia and urca. The molar ratio of carbon dioxide produced to oxygen
consumed varies from 0.7, when fat is burned, to 1.0 for sugar. Since other gases
in the environment are not known to participate in metabolic reactions, they are
often called inert. There is some doubt whether this appellation is appropriate,
but it is commonly encountered in medical and biological literature. It should be
noted that this use of the term refers only to the role of these gases within the
body. Hydrogen, for instance, is said to be a physiologically inert gas, despite its
chemical reactivity.

Oxygen

The presence of molecular oxygen in the environment is absolutely essential
for survival. The stores of molecular oxygen in the human body are extremely
limited, amounting to little more than a liter of gas at sea level. The brain and
associated sensory apparatus (especially the retina of the eye) have the highest
oxygen uptake per unit mass of any system of the body ; this system amounts to
only 2 percent of the body’s mass, yet uses 20 percent of the oxygen consumed
at rest. Since there is no means whereby the brain can store oxygen or glucose,
its only energy source, il is totally dependent on the continuous delivery of
adequately oxygenated arterial blood. Deprivation of blood, oxygen, or glucose
for more than a few seconds leads to unconsciousness, convulsions, and,
thereafter, death of nervous tissue. This is dramatically demonstrated in rapid
decompression to a virtual vacuum, described in chapter 1.

Since the partial pressure of oxygen in alveolar air delermines its partial
pressure in the blood, and, therefore, the quantity of the element carricd by
hemoglobin, this variable has been studied in some detail. Blockley and Hanifan
(1961), in an extensive review of hypoxia following rapid decompressions, have
estimated that acute impairment of brain function occurs within about
13 seconds whenever the alveolar oxygen tension drops below a critical level.
The severity of impairment and the extent of change in brain electrical activity
are proportional to the integral of oxygen tension depression below 30 mm Hg
with respeet to time (Ernsting, 1961b, 1969). This is illustrated in figure 2-2.
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Figure 2—2. Top: time course of alveolar 09 tension when subject breathing air at 8000 ft is
rapidly decompressed to 44 000 ft. O2 was provided either 2 sec or 8 sec after the onset of
decompression. O2 desaturation integrals for the two conditions are crosshatched. Bottom:
performance decrements resulting from decompression. (Redrawn from data of Ernsting,

1969)

When no oxygen is available for metabolism, as following decompression to a
vacuum, the term anoxia is used. Anoxia always results in near-immediate
unconsciousness, convulsions, and paralysis. If prolonged for more than 90 to
180 seconds, anoxia is almost invariably fatal. The condition caused by a relative
lack of oxygen in the body is called hypoxia. Depending on its severity, the
effects of hypoxia can range from symptoms as severe as those of anoxia to very
subtle effects, detectable only by scarching examination of the highest functions
of the central nervous system. This is illustrated in figure 2-3. As arterial oxygen
tension falls, progressive central nervous system impairment occurs. This is
indicated on the chart by zones of increasing density. These changes occur in
resting subjects who are not fatigued or otherwise stressed. The oxygen
saturation of the arterial blood is shown as a function of oxygen tension (the
oxyhemoglobin dissociation curve). A range of saturations is shown because
temperature and acidity also influence the saturation values.

The lowest barometric pressure at which any sort of purposeful aclivity can
be carried on was discussed in chapter 1. It was defined as a pressure sufficient
to permit a reasonable partial pressurc of oxygen in the alveolar air, with regard
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to the obligatory water vapor pressure at that site of about 47 mm Hg, and the
inevitability of a certain partial pressure of carbon dioxide, which is discussed
below. The optimal carbon dioxide tension is about 40 mm Hg. At barometric
pressures greater than about 87 mm Hg (an altitude equivalent of 50 000 feet),
then, at least some oxygen can be made available. Extensive studies of hypoxia
at altitudes between 18 000 feet (Pg 380 mm Hg) and 50 000 feet have been
related primarily to maintenance of consciousness in acutely exposed subjects. It
has been found that healthy individuals at rest rarely lose consciousness below
about 18 000 feet. Above that altitude, as indicated in figure 2-3, the duration
of exposure before consciousness is lost is related to altitude and thus to the
severity of the hypoxia produced.

APPROXIMATE ALTITUDE BREATHING AIR
(THOUSANDS OF FEET)
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Figure 2—3. O saturation in arterial blood as a function of alveolar O3 tension in relation to
altitude and to some reported symptoms of hypoxia. (Sources: USAF Flight Surgeon’s
Manual, 1968; Boothby, 1954; from Human factors in air transportation, McFarland.
Copyright 1953 by McGraw-Hill Book Company. Used by permission of McGraw-Hill Book
Company)

Since it is often difficull to assess exactly when total consciousness is fost,
the concept of “time of useful consciousness” has evolved. Useful consciousness,
as it is usually cvaluated, represents the ability of a test subject to continue
performing some purposeful act. The time of useful consciousness during an
acute exposure to an hypoxic environment represents, therefore, an approxima-
tion of the time during which a subject may be expected to be sufficiently alert
to ascertain the cause of the hypoxia and take effective action to protect himself
or remove himself from the environment.

The time of useful consciousness varies according to the way in which the
hypoxic environment is produced and according to the circumstances prevailing
before the hypoxic exposure. 1f a subject breathing oxygen at altitude removes
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his oxygen mask or becomes disconnected from his oxygen supply, the partial
pressure of oxygen in the lungs drops with each succeeding breath of air, the
decrease being dependent on the lung volume, the dilution of that volume by
cach breath’s volume, and the altitude. In contrast, if a subject breathing air at
low altitude is suddenly decompressed, the partial pressure of oxygen in his
lungs drops immediately to a level which is dependent only on the final altitude.
Venous blood is immediately exposed to low oxygen tension in the alveoli; the
effects of hypoxia become evident as soon as inadequately oxygenated blood
reaches the brain. Times of useful consciousness are much shorter than following
oxygen mask removal at altitude. These times are shown in figure 2-4 for rapid
decompressions to various altitudes of subjects breathing either air or oxygen
prior to decompression.

55000
\
\
50000
— e BREATHING OXYGEN
= MINIMUM "7 THROUGHOU T
o 45000 ~ “OBSERVED DECOMPRESSION ~
s] 9y | !
2 f
. 7
F 40000 - e
-J
<
-
< 35000 -
z
= BREATHING AIR
THROUGHOUT
30000 ] DE COMPRESSION ™
25000 '
0 10 20 30 40 50 60 70 80 % 100

TIME OF USEFUL CONSCIOUSNESS {sec)

Figure 2—4. Minimum and average duralion of effective consciousness in subjects following
rapid decompression breathing air (lower curve) and Og (upper curve)., At altitudes above
20 000 to 23 000 ft, unacclimatized subjects breathing air lose consciousness after a variable
period of time. (Source: Blockley & Hanifan, 1961)

The appropriate protective action following a decompression in an aireraft is
to don an oxygen mask. The ranges of times required to perform this action are
shown in figure 2.5 for airline pilots studied in flight and for naive subjects
studied in an altitude chamber, The rate of decompression for the airline pilots
was 500 feet per second (fps) to a final altitude of 30 000 feet. The pilots had
had training in decompression emergency procedures within a year prior to the
exposures (Bennett, 1961). In the naive subject group, 60 young males were
exposed to Whsecond decompressions from 8000 (o 30 000 feet (Hoffler &
coworkers 1968) and 1) male and female subjests were expased to 3000 to
Mtk feor decompressions (Chiolm & coworke v 149053y SNone o thy ojye
: el noot Hl\‘wi&:llr?\ .JXPOSCd to l‘b‘;H-! i i) o wspemy? o nm'\'
mebectangon s atandonl adine passenger brieic
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Figure 2—5. Mask-donning behavior related to time of useful consciousness. Subjects
comprised 42 airline pilots (-—) and 100 naive subjects (— ). Exponential curve (see
figure 2-4) represents average times of useful consciousness for subjects breathing air prior
to decompression. (Data of Bennett, 1961; Hoffler & coworkers, 1968; Chisolm &
coworkers, 1969; calculated by Blockley & Hanifan, 1961)

Any diluent gas which is present in a breathing system will influence the
immediate usefulness of that system following a rapid decompression. Thas is
shown in figure 2-6, which demonstrates the effect of oxygen hose volume on
tracheal (upper airway) oxygen tension following rapid (1 second and 9 second)
decompressions from 8000 to 40 000 feet. In the case illustrated, a diluter-
demand regulator delivered 38 percent oxygen at 8000 feet and 100 percent
oxygen at 40 000 feet. Pure oxygen is delayed in reaching the subject’s lungs
because of the volume of air-oxygen mixture in the hose at the time of
decompression.

Lven the very severe decompressions discussed in chapter | may not produce
irreversible brain damage. However, the degree of brain dysfunction acceptable
for pilots is considerably less than for passengers. Also, variations in individual
tolerance for hypoxia make it risky to allow more than an unavoidable minimum
of severe hypoxia to oceur. Recent studies related to the development of a
supersonic transport aireraft have resulted in the elucidation of eriteria for “safe
perionts of unconscionsness" for passengers in such aireraft. It must be
pevcanized, lowever, that persons with impaired brain cirenfation, the clderly,

and b others are lar lees toleront of hyposia than the healthy subjects who
e e D efth e drewn e B 20 a2 L Taking o acenant
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the behavioral variation shown in figure 2-5, it would appear essential to attempt
to prevent the untoward hypoxic effects of decompression,

T T T Y Y Y T

100 1-SEC DECOMPRESSIONS 9-SEC DECOMPRESSIONS

e o= -
I" i Y/ /’ ]

80 < A2

/ A /
j / b + ! 4
)
60 A 3 1
4 4
/s e - 4' B
/ / \ / /
40 £ ”>*

L r 4
\ P
I Vg K.--’

20

TRACHEAL OXYGEN TENSION {mm Hg)

HOSE VOLUME: SYMPTOMS: HOSE VOLUME: SYMPTOMS:
- —1.6 liters Moderate confusion o e 1.6 liters Marked confusion
=-=2.2 liters Marked confusion —=2.2liters Unconsciousness
0 1 1 1 4 L 1 )i 1 H 1
0 10 20 30 0 10 20 30

TIME FROM START OF DECOMPRESSION (sec)

Figure 2—6. Effect of 02 hose volume on tracheal Og tension following rapid decompres-
sion (Drawn from data of Ernsting, 1961 a; reprinted by permission of Her Britannic
Majesty’s Stationery Office)

At very high altitudes, even immediate mask donning will not prevent mental
impairment following decompression of a subject who breathed air before the
event, Ernsting, Mcllardy, and Roxburgh (1960) and Blockley and Hanifan
(1961) have estimated the concentrations of oxygen which must be breathed
prior to decompression if such impairment is to be avoided. These are shown in
figure 2-7. In a cabin pressurized to 8000 feet (565 mm Hg), it is estimated that
the critical alveolar oxygen partial pressure is 33 mm Hg. This calculation
assumes that 100 percent oxygen is immediately supplicd (under positive
pressure al final altitudes above 45 000 feet). It should be noted in this context
that studies by Barron (1965) of decompressions to 45 000 feet suggest that no
combination of maneuvers aside from prebreathing oxygen-enriched air will
prevent at least some transient hypoxic effects at that altitude. This is also
suggested in figure 24,

Examination of the oxygen saturation curves in figure 2-3 indicates that near-
normal blood oxygen levels, and thus essentially normal function, can be main-
tained with alveolar oxygen tensions as low as 50 to 60 mm Hg. It {ollows from this
that a barometric pressure of 140 to 150 mm lg will be sufficient to allow proper
alveolar oxygen and carbon dioxide tensions to be maintained if no other gases are
present in the respiratory tract. These barometric pressures are encountered at
39 000 to 40 000 feet. Human subjects, however, are capable of breathing against a
limited degree of continuous positive pressure, although this is not accomplished
without a physiological penalty (Ernsting, 1965, 1960). The elevation of total pres-
sure within the chest causes a diminution in the volume of blood returning to the
heart and thus a decrease in the heart’s output.
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Figure 2—7. O enrichment of air in pressurized cabin estimated to be required to prevent
critical fall in alveolar Og tension during rapid decompression to various final altitudes.
(Source: Blockley & Hanifan, 1961)

Despite the limitations of the technique, it is possible to maintain total lung
pressure, and therefore alveolar oxygen tension, at minimal adequate levels up to
altitudes of roughly 50 000 feet by provision of continuous positive pressure
oxygen. At this altitude (PR 87 mm Ig), a pressure of 60 mm Hgis required to
maintain a Py in the lungs of 60 mm Hg. It has been found, however, that a
continuous positive pressure of 30 mm Hg is about the maximum which can be
tolerated by trained subjects for even a short period of time without the
application of counterpressure on the chest (which increases stagnation of blood
in the abdomen and the extremities). The use of positive pressure at these
altitudes, therefore, is clearly a shorl-term emergency measure. It is for this
reason that overall pressure garments become mandatory at altitudes much

above 50 000 feet.

At altitudes below about 20 000 feet (P 350 mm Hg), human survival and
function at some meaningful level is possible without added oxygen. This is pos-
sible because higher life forms have a considerable ability to adapt themselves, or
become acclimatized, to hypoxia. Consideration of this topic is beyond the scope
of this chapter. It should be said, however, that people vary considerably in their
tolerance for chronic, or long-term, hypoxia, as they do for acute exposures. Some
persons will become acutely ill after several hours at altitudes aslow as 12 000 feet
(PR 480 mm Ilg), whereas others encounter less difficulty at altitudes as high as
18 000 feet (PR 380 mm lg).
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Virtually everyone will develop some symptoms of acute altitude sickness
(shortness of breath, headaches, insomnia, impaired ability to concentrate or
perform complex tasks, and sometimes nausea and vomiting) after exposure to
air at altitudes of 11 000 to 12 000 feet for periods longer than 8 to 24 hours. In
most people, these symptoms decline in frequency and severity over a period of
2 to 5 days (figure 2-8). Ability to perform muscular work is moderately or
severely impaired, and this impairment persists for long periods of time

(figure 2-9).
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Figure 2-8. Proportion of subjects reporting symptoms of acute altitude sickness (headache,
nausea, lightheadedness, fatigue, shortness of breath, or insomnia) during each of 20 days of
continuous exposure at an elevation of 12 500 ft (3800 m, 475 mm Hg). (After Billings &
coworkers, 1969; reprinted by permission of the Archives of Environmental Health, 1969,
18, 987-995)

Hypoxic symptoms are less pronounced at lower altitudes or for shorter
periods of exposure. They exist, nonetheless, and may be important under
certain circumnstances (figure 2-3). Visual thresholds have been shown to increase
at altitudes above 4000 feet, probably because of the very high oxygen
requirements of the light-sensing cells in the eye. Impairment of ability to learn
new complex tasks has been demonstrated at 8000 feet (Pg 565 mm Hg)
(Ledwith & Denison, 1964); impairment of recent memory, judgment and
ability to perform complex calculations are seen at altitudes in the neighborhood

of 10 000 feet (Pg 520 mm Hg) (McFarland, 1953).

Man at sea level is rarely exposed to partial pressures of oxygen greater than
170 mm Hg. Oxygen has been used as a therapeutic agent almost since its
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discovery, however, and it was thought for a considerable time that gas mixtures
containing several times the usual sea level concentration of 20.9 percent were
entirely without harmful effects. It is now known that this is not the case,
although it is not certain that 160 mm Hg is the optimal partial pressure under

all circumstances.
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Figure 2—9. Impairment of capacity for muscular work by acute and chronic hypoxia. (Data
from various sources, collated by Cerretelli, 1967, whose graph has been adapted for use

here)

Too high a partial pressure of oxygen is not well tolerated by man, though
our species is more tolerant than many species of experimental animals. The
toxicity of oxygen at above-normal partial pressures is a time-dependent
function whose characteristics are shown in figure 2-10. At pressures above
1 atm, central nervous system signs predominate (nausea, dizziness, faintness,
and convulsions). At around 1 atm, respiratory symptoms are common. These
symptoms are seen with longer periods of exposure at pressures as low as
200 mm Hg, although they are uncommon below about 250 mm Hg. At
pressures of oxygen only slightly higher (253 mm Hg or 5 psia) than normal sea
level Pg, changes in red blood cell fragility and cell wall permeability have been
reported (Berry, 1967). Whether oxygen per se is toxic at pressures in the range
of 180 to 250 mm Hg, or whether the absence of a diluent gas is responsible for
toxic manifestations, is not certain.

At higher oxygen tensions (250 to 750 mm Hg), signs of lung irritation are
noticed after 12 to 72 hours of exposure. It is also known that oxygen tensions
in this range can cause blindness in newborn and premature infants (the
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condition called retrolental fibroplasia). On the other hand, many thousands of
adult patients have been given oxygen in this pressure range for relatively long
periods of time without apparent harm. While some patients have had diffusion
defects such that elevated alveolar oxygen tensions merely maintained normal
blood gas tensions, others have not. Emsting (1961a) has demonstrated
significant defects in diffusing capacity in man after 3 hours of exposure to
99 percent oxygen at sea level.
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Figure 2--10. Approximate time of appearance of signs and symptoms of O9 toxicity as a
function of PO2. (Adapted from Welch & coworkers, 1963; Bean, 1945; Roth, 1964)

During exercise, supplemental oxygen causes a perceptible decrease in
ventilation volume (Nielsen & Hansen, 1937); this may be considered a
beneficial effect. Many pilots have described alleviation of fatigue when they
placed themselves on supplemental oxygen for a short time before landing,
especially at night. This is difficult to quantitate or even to verify, but the effect
may be a real one (Roth, 1964).

Oxygen at partial pressures greater than 760 mm Hg (14.7 psia, 1.0 atm) has
been used sporadically as a therapeutic agent. Only in recent years, however,
have controlled studies been performed to evaluate its effects. The usefulness of
oxygen in the treatment of carbon monoxide poisoning is beyond question; it is
helpful in the treatment of gas gangrene, caused by a bacterium which cannot
survive in the presence of high oxygen tensions. Its usefulness in treating tetanus
(lockjaw), caused by a similar organism, is less certain. High oxygen tensions
potentiate the effects of ionizing radiation; hyperbaric oxygen in combination
with radiation therapy is used in treating certain advanced cancers. [ts beneficial
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effects in most of the other conditions in which it has been tried are
questionable (Boerema, 1964).

Pure oxygen is used by Navy divers breathing from closed-circuit oxygen
cquipment when they wish to avoid leaving a trail of expired gas bubbles on the
surface. Since oxygen at pressures greater than about 2 atm absolute can cause
convulsions, however, the depths and times at which divers can use such
cquipment are very limited. As with hypoxia, individual susceptibility to
hyperoxia varies widely. Performing physical work while breathing oxygen at
high pressures decreases tolerance markedly. The risk of oxygen convulsions
appears to be minimal in resting men exposed in a dry chamber to as much as
3.0 atm oxygen for | hour; oxygen pressures higher than this increase the risk
considerably (Bennett, 1969). The risk is substantially greater under water in
working subjects, especially if the water is cold. Figure 2-11 shows the limits
currently imposed by the U.S. Navy (1970).
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Figure 2-11. Navy published limits for divers using Og under water. Symptoms resulting
from excessive exposure are shown. Limits assume moderate activity and minimal CO9
tensions in the diver’s breathing apparatus. (Redrawn from U.S. Navy Diving Manuadl, 1970)

Carbon Dioxide

Carbon dioxide is neither a necessary nor a desirable constituent of man’s gas-
cous environment. Though man is normally exposed to low concentrations of this
gas at sea level (on the order of 0.03 percent), it is quite certain that he can live
indefinitely in an atmosphere entircly free of the gas, for he produces and excretes
more than enough to meet his physiological needs.
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Most of the 200 to 800 liters (15 to 30 ft3) of carbon dioxide produced by an
active man each day is excreted through the lungs as gaseous carbon dioxide; the
remainder appears in the urine as bicarbonate ion, combined with basic clements,
primarily sodium. Carbon dioxide is very soluble in water, with which it combines
to form a weakly dissociated acid. The carbonic acid - bicarbonate buffer system is
amajor factor in the maintenance of the body s acid-base balance.

At and near sea level, man’s breathing is controlled primarily by the amount
of carbon dioxide he produces. Respiratory centers in the brain arc exquisitely
sensitive to very small changes in carbon dioxide tension and hydrogen ion
coneentration in the arterial blood. Carbon dioxide added to inspired air is a
powerlul respiratory stimulant; in higher doses, it stimulates heart rate as well
(figure 2-12). Inereases in arterial blood carbon dioxide tension also cause
marked relaxation of the blood vessels in the brain; brain blood flow increases
considerably. Figure 2-13 indicates the effects of both acute and prolonged
exposures to carbon dioxide—air mixtures at I atm. In acute exposures, the
boundary between “no effect” and ““distracting discomfort” is narrow. In the
area marked Zone 1l in the graph at the left side of figure 2-13, symptoms
include small threshold hearing losses and a pereeptible doubling in depth of
respiration. In Zoue III, mental depression, headache, dizziness, nausea *“air
hunger,” and decreased visual discrimination are experienced.  Zone 1V
represents marked deterioration leading to dizziness and stupor, with inability to
take steps for self-preservation. The final state is unconsciousness. The bar graph
at the right of the figure shows that for prolonged exposures of 40 days,
concentrations of carbon dioxide in air less than 0.5 percent (Zone A) cause no
known biochemical or other effect; concentrations between 0.5 and 3.0 percent
(Zone D) cause adaptive biochemical changes which may be considered a mild
physiological strain; and concentrations above 3.0 percent (Zone C)  cause
pathological changes in basic physiological funetions.

At partial pressures above about 60 mm Hg, the gas is a potent narcotic; it de-
presses brain function, elevates convulsion thresholds and causes respiratory de-
pression. Very high partial pressures of this metabolite are fatal, probably because
of the profoundly acidic blood and body fluids which are produced (Marshall,

1961).

Since man produces carbon continually at rates which vary from 0.2 to as
high as 5 liters per minute (0.007 to 0.18 cubic feet per minute), this gas must
be removed promptly from a closed environment, either by venting and
replacement (as is done in pressurized aircraft) or by chemical or physical
scrubbing (the methods used in spacecraft and certain submarines). The changes
in gas composition in a sealed space containing a man are illustrated in
figure 2-14. In the top part of this figure, the long straight line indicates oxygen
depletion and carbon dioxide accumulation when no corrective measures are
wed. At 3.1 hours, when Pg, has decreased to 108 mm Hg and PCo, has
increased to 30 mm Hg (4 percent), respiratory volume has doubled. Curves
emanating from this point indicate effects of adding pure oxygen, absorbing
carhon dioxide, and ventilating with air and clearing carbon dioxide with
absorber handling (12 liters of air/min/man). The dotted curve shows effects of
using the same carbon dioxide absorber from the outset.



Atmosphere 49

5
o ©
]
g
> 0
1N
% e T e (G : i
Ec 10 Ll pr T - | ‘
5 i i . NORMAL LEVEL |
¢, ]
E 25— 1 -- ]T L l / /7////%
z ol . . //
o . B it
& N g ormAL LEVEY
5 10  ssca s ddcs 0 ST
N | | |

- L ’ /// /)
E %0 //? ///%
}i’ : 'y, /,/ /
2 g0 ; / /‘/';1/9,"////’// A/ 1? /
5 Ny ‘ ‘/J"/' / / W / 7,
g 70 /y”/,/,//,//:i”//, ‘/d/lr / f //‘/ ; , /%f/ﬁ/ / T-oEslTEtL
- Wi T !

60 '7/// /// /" 4 i 1/"/// ////I

1 2 3 4 S & 7 8 3
CARBON DIOXIDE IN INSPIRED GAS - %

Figure 2--12. 'mmediate effects of increased CO2 on pulse rate, respiration rate, and
respiratory minute volume for subjects at rest. Hatched areas represent one S.D. on each

side of the mean. To convert percentage of €02 to partial pressure, multiply percent by
760 mm Hg. ( Adapted from Schaefer et al., 1952; & Dryden et al., 1956)

90
75
60
45

ZONE (1t DUSTRACTING 0SCONME0#RT

30

CO+ IN AIR AT ¥ ATMOSPHERE (%)

PARTIAL PHESSURE OF CO2 (mm Ha)

15

e L o]

i
i
v
ol . . L QY S S
s

i Th ) W T ! B T 80

Farre 2 1% Ssmipiotns cormine v foaesb <rhicct cvposed e variows times to 202

P ST I ITVOE WAL TN TR ST RECME B S O EETR coearres e wdhcated A R g,

T AT PO TR PRI 1§ S SRRI' [T P g~ o dod Sn 09,

REAE JUoang < oaoted. gJrawii o e ot B TR T e ied by
, \ EON

Ll

el the Journal of Industrial 11 v 7o 0 Lh 0T D Tabd )



50 Bioastronautics Data Book

UNCONTRUL LED CHANGE T 1 I
! | !
50 | i | ) P
COMPOSITION CF AIR AT 3.1 HOURS.
— 4 CABIN VOLUME 1000 { ITERS MAN &
£ 0, CONSUMPTION RATE 360 cu nin
€ : i
£ 30 t - { ADDING PURE OXYGEN o
o~ i
Q | STARLE
Q_U . LOMPUS: 1108
= - " h WHE N
20 1 2 HR SNYENTILATED
1 p,an AlR
Al
REMOVAL OF (1. FROM f\\//
OB 12 0imews 01 At PR mas | Y
PER MINUTE ABSORBING i 1LEMY
| | 48 LFM
| i l ALL (O, .
60 70 80 S0 100 110 120 130 140 150
P02 {mm Hg}
e
H T | |
i 1 !
I
! TIME TO REACH DXYGEN
' LEvEL OF 100 mm My 1
I
HCOURS |
30 |
o 5
I !
€
£ i
= i
o~
o i w8 ee
3]
a i
20 b +
10 .
| ; i ‘ 1
| L i L ; . i
60 70 80 90 100 1o 120 130 140 150

POzimm Hg)

Figure 2-14. Change in P(,and PcQ,, within a sealed space.
(Source: Rahn & Fenn,1953)

The bottom part of figure 2-14 presents a serics of lines indicating
uncontrolled change for several cabin volumes. (Here oo, RQ = 0.8 and oxygen
consumptionrate equals 300 cm2/min.) The dots on the lines indicate the time in
hours to reach a critical oxygen level of 100 mm Hg. Lower values for carbon
dioxide for smaller free volumes, when oxygen is 100 mm Hg, result from
relatively greater tissue storage of carbon dioxide. This effect is lessened in
longer exposures in larger free volumes,

A number of studies have shown that psychomotor performance is impaired by
moderate increases in arterial carbon dioxide tension. This is indicated in
figure 2-15. In this figure, the zones above the line marked “normal alveolar CO2”
indicate increasing hypercapnea, limited by a zone of carbon dioxide narcosis. Be-
low this dashed line, marked as zones of increasing hypocapnea, are lower levels of
alveolar carbon dioxide, which commonly result from excessive respiratory ventila-
tion. Low levels of alveolar PO, (severe hypoxia and hypoxic collapse) combine
with hyper- and hypocapnea to affect performance as indicated.
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While a carbon dioxide tension of 22 mm Hg in the inspired air has been
considered to be the maximum safe (though not innocuous) level for exposures
lasting up to a month, comparatively few such tests have been conducted. It is
not certain that such levels will be safe for the much fonger scaled cabin
exposures now being contemplated; this is an area which needs further research.
Recent data suggest that tensions of 11 mm Hg (1.5 percent carbon dioxide at
750 mm Hg barometric pressure) for 42 days induce physiological changes which
may be harmful under conditions of prolonged weightlessness (Ellingson, 1970).

It is also possible for blood carbon dioxide tensions to reach dangerously low
values, usually as the result of ventilation in excess of need. Hyperventilation, as
it is called, results in a decrease in alveolar carbon dioxide tension. The increased
pressure gradient hetween alveolar air and the incoming venous blood leads to
the removal from the blood of more curbon dioxide than is being produced in
the tissues,

Otis (1946), Balke (1956), and others have shown that moderate, induced
hyperventilation is associated with impaired performance of psychomotor tasks
(figure 2-15). Balke (1957) has also demonstrated moderate to severe hyper-
ventilation in pilots during transition to complex jet fighter aireraft. Aircraft
accidents are thought to have resulted from severe hyperventilation, which not
infrequently accompanics fear or panic.
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Severe hyperventilation results in lightheadedness, feelings of numbness,
tingling, markedly impaired performance, involuntary tetlanic contractions of
the skeletal muscles and, ultimately, in  impaired consciousness. Un-
fortunately, the person who begins to hyperventilate as the result of fear
tends to become more and more frightened by these bizarre symptoms; his
fear, in turn, may increasc his hyperventilation. It may also be difficult for
even an experienced person to differentiate the symptoms of hyper-
ventilation from those of hypoxia (Wayne, 1958), and it should be noted
that moderate degrees of hypoxia in themselves provoke a degree of
hyperventilation.

The Inert Gases

In this section are discussed the various gases gencrally considered to be
physiologically inert: nitrogen, helium, neon, argon, krypton, and xenon. An
introduction which describes their common attributes is followed by brief
discussions of their individual characteristics. Table 2-1 summarizes ceriain
important physical and biochemical properties of these elements,

Metabolic Role of Inert Gases

Perhaps the first serious doubts as to whether this group of elements
was truly inert were cast by Cook, who performed studies on a variety of
species to cvaluate possible effects of helium. These are summarized in
reviews by Cook and Leon (1959) and by Cook (1961). While many of the
results reported in ecarly studies could be accounted for by the high thermal
conductivity of helium, producing high rates of heat loss in the organisms
under study, others could not. It has been found that both oxidative and
nonoxidative metabolic reactions are affected, though the exact biochemical
sites of the effects have not been determined.

Schreiner and coworkers (1962) have also presented data suggesting that
growth rates of certain molds are affected predictably by the “inert™ gases
in which they are cultured. Figure 2-16 summarizes their findings.

Allen (1963) attempted to grow chicken embryos in the absence of
nitrogen, o determine whether nitrogen gas was required for the develop-
ment of mammals. He found profound retardation of embryonie develop-
ment in fertile eggs incubated in a number of environments deficient in
nitrogen (figure 2-17). These results have been confirmed in part by others,
though some workers feel they can be explained by factors other than an
absence of nitrogen. The question remains an open one at this time. The
few human studies which have been performed thus far have shown no
effects which can be attributed to a metabolic effect of these gases, though
the experiments have been of short duration.
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Figure 2--16. Relation of growth rates of Neurospora crassa molds to molecular weights
of gases of the helium group in the environment. Significant effects (P<0.01) were
associated with different inert gases, (Schreiner, 1962; copyright 1962 by the American
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Figure 2--17. Proportion of chick embryos showing arrested vascular development, or
no signs of development, after 96 hr of incubation in various gas mixtures. (Redrawn

from data of Allen, 1963)
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Toxic Effects of Inert Gases

It has been known for many years that divers breathing air at
considerable depths were prone to a disorder commonly called “raptures of
the deep.” The symptoms (elation, cuphoria, deficient judgment, impaired
motor coordination, diminished perception of pain and discomfort) are
rather similar to those caused by alcohol. They have been variously
attributed to high oxygen tensions, to carbon dioxide retention caused by
inadequate ventilation of the lungs, and to nitrogen. Tt seems very probable
that nitrogen is in fact the causative agent, though carbon dioxide retention
may occur during work at depth and this gas is a polent narcolic, as noted

carlier (Roth, 1967).

Later studies have indicated that xenon, krypton, argon, and, probably,
helium all have narcotic potential in man and other mammals. Xenon at
partial pressures of 0.8 atm (600 mm Hg, 11.75 psia) has been used as an
anesthetic agent in human surgery (Cullen, 1951). Argon has been shown to
be a potent narcotic at a tension of 3.2atm (1950 mm Hg, 47 psia)
(Behnke, 1939). Though the nitrogen in air excrts minor effects on human
performance at barometric pressures as low as 2.5 atm absolute, the usual
threshold is considered to be 4alm, and serious symploms are not
ordinarily seen at pressures less than 7 atm (200-foot depth in sea water).

Recent studies by Bennett and Elliott (1969) have suggested that
although the narcotic potential of helium is much less than that of any
other inert gas, it does have some degree of potency at pressurcs in the
range of 25 atm absolute. It thus appears that all of the inert gases are
capable of exerting narcotic effects, though the mechanisms are not well
understood. These narcotic effects, together with possible metabolic effects,
may well be limiting factors in man’s ability to tolerate long exposures at
very high barometric pressures.

Role of the Inert Gases in Decompression Sickness

It was indicated in chapter 1 that the incidence of decompression
sickness was malterially reduced if inert gases, whether nitrogen, helium, or
others, were washed out of the body prior to ascent. While this is often
possible prior to ascent in aviation and space operations, the toxicity of
oxygen prevents ils use prior to ascent from depths greater than about
66 feet of water (3 atm absolute). Detailed discussion of the role of inert
gases in decompression sickness is beyond the scope of this chapter: several
excellent reviews are available (Roth, 1967: Bennett & Flliott, 1969).

Considerable research is in progress to define more dearly the limits of
decompression tolerance in man after saturation exposures to various
environments. This work will find applications hoth in space operations in
which multiple-gas environments are used and in the long-term underwater
habitability studies being carried out by several nations. The three gases
which have been seriously considered as diluents for oxygen in such
applications are helium, nitrogen, and neon. With respect to decompression
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sickness, helium has certain theoretical advantages over nitrogen. Eanparical
data, howcever, are far from clear as to its practical advantages, particularly
for space operations. In diving, the problem of nitrogen narcosis forces its
replacement at depths below 200 to 250 feet. Preliminary  studies suggest
that neon may have advantages over cither nitrogen or helium; confirmation

of this awaits further research.,

Hydrogen has been used in one series of dives atl considerable depths;
while it is not explosive when oxygen  concentrations  are less  than
4 percent, theoretical considerations suggest that it may be no better than
helium or perhaps even nitrogen with respect Lo decompression sickness.

Space-Occupying Role of Inert Gases

If a closed pocket of gas oceurs or is created in the human body, the
oxygen and carbon dioxide in the pocket are absorbed relatively rapidly;
inert gases are also absorbed, but much more slowly because they are less
soluble in Dlood (Makley & Billings, 1968). This has important implications
when pure oxygen is breathed. During descent in an aireraft, it is necessary
to ventitate the middle ear o relieve pressure  differentials  across  the
cardrum (see chapter ). If the breathing gas is oxygen, the middle car
contains a high concentration of that gas after descent. The rapid absorp-
tion of oxygen over the next several hours can lead to symptoms identical
to those which occur when a pressure differential arises during descent. This
condition, called “delayed™ or oxygen barotitis, is a common problem in
nilitary pilots.

It has also been found that during high-G maneuvers in fighter aircraft,
small segments of the lungs can act like closed pockets of trapped gas. If
oxygen and carbon dioxide are the only gases present in these segments,
they are absorbed rapidly, causing collapse of small portions of the lung,
and often chest pain and coughing. This condition, oxvgen ateleclasis, was
described by FErnsting (1960) and has been studied in detail by Green and
Burgess (1962).

Prevention of both these conditions is simple under conditions which
permit the addition of an inert gas to the breathing mixture. The inert gas
occupies space, and, since it is absorbed slowly, collapse is less likely to
oceur.

Other Considerations

If man must perform hard physical work, with attendant high ventilation
rates, the density of the gas mixture will be important, particularly at high
barometric pressures. The usefulness of helium in this regard has already been
discussed. Another factor related to the physical characteristics of the breathing
gas, however, is speech intelligibility. This is not an important problem at
subatmospheric pressures, though it has been demonstrated that sound pressure
levels are attenuated differentially by different gases at pressures below 1 atm

(Cooke, 1964; Cooke & Beard, 1965).
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At pressures encountered in diving operations, speech in helium-oxygen gas
mixtures may become quite unintelligible. In some circumstances, it has been
found necessary to add small amounts of nitrogen or neon to the breathing
(Wathen-Dunn, 1967). Electronic processing has also been attempted in an
effort to improve communications.

Thermal control is another area in which the inert gas plays a role. Since this
appears to be a problem only when helium is used, it is discussed under that

heading.

Finally, mention should be made of the last member of the family of noble
gases, radon. Since it is intensely radioactive, it has been excluded from
discussion here and from consideration for any role in life support systems.

Nitrogen

The work of Allen (1963) has raised the possibility that nitrogen in its
clemental form may be necessary for mammalian growth and development. If
this is true (and there are no other data which unequivocally support his
contention), it is ccrtainly true also that only small amounts of gaseous nitrogen
are necessary for unimpaired functioning of adult human subjects. The
helium-oxygen studies of Adams and coworkers, cited in chapter 1, involved
nitrogen partial pressures as low as practicable, averaging 2 mm Hg for 56 days
of exposure; other studies have been conducted for shorter periods at even lower
nitrogen tensions without symptoms referable to the absence of the gas.

It also seems clear that partial pressures of nitrogen of at least 1200 mm Hg
(found in air at 2 atm absolute) are not harmful for prolonged exposure. As
noted previously, substantially higher pressures are required before frank
symptoms of nitrogen intoxication appear, and there is evidence that some
degree of adaptation to nitrogen narcosis is possible. Nonetheless, the partial
pressures of nitrogen encountered at 200 feet depth, 4200 mm Hg, are clearly
toxic to human subjects.

Helium

Studies of molds grown in helium-oxygen at a total pressure of 120 atm
absolute (1764 psia) have shown that growth and metabolic activity are
impeded. Interestingly, it appears that at this high pressure, helium depresses
growth more than nitrogen, a reversal of the situation encountered at sea level
(figure 2-16). Mice demonstrate narcotic effects of helium at 54 atm (794 psia),
and the work of Bennett (1969) suggests that the threshold for narcotic cffects
in man may approximate 34 atm (500 psia). Nonetheless, with the possible
exception of hydrogen, helium is the diluent gas best tolerated by man at very
great depths.

The thermal conductivity of helium, six times that of nitrogen, does pose

substantial problems. Figure 2-18 shows this parameter for various proportions
of several inert gases with oxygen. Soviet and  U.S. studies, among others,

48T7-858 O - 73 -5
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have demonstrated that air temperatures must be 4 to 5°F higher for comfort of
resting subjects in helium-oxygen environments; zones of thermal comfort are
somewhat narrower (table 2-2). This may be a particular problem in undersea
work; work temperatures are usually well below comfort levels and the gas
mixture in underwater habitats is almost invariably saturated with water vapor.
Substantial increases in environmental temperatures may be required for

comfort (Raymond, 1967).
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Figure 2—18. Thermal conductivity of binary gas mixtures containing 09 at 30°C,
(After Srivastava & Barua, 1960)

Table 22

Temperature Indicated to be Comfortable by Subjects
in Space Cabin Simulator Experiments

Barometric Gas Tension Selected
Pressure {mm Hg) Temperature

psia mm Hg 0, He N2 o

3.7 191 191 - — 69.3
5.0 258 258 - - 70.9
5.0 258 175 74 - 74.7
7.3 380 150 230 - 75.4
7.3 380 165 - 206 72.7

{From date of Welch, cited by Roth, 1968)
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The problem of speech intelligibility has been studied intensively. Soviet
workers have found an increase of about 0.7 octave in the fundamental
frequency of the human voice at 1 atm in 80 percent helium-20 percent oxygen
(Dianov, 1964).  Similar findings are reported by U.S. groups (Sergeant,
1963).

Neon

Roth (1967), in his extensive review of inert gases for use in space vehicle
atmospheres, concluded that “neon appears to offer some advantages over
helium and nitrogen as an inert gas diluent...” This conclusion was reached on
theoretical grounds, primarily because of the potential problem of decompres-
sion sickness, though it was pointed out that in all other areas as well, neon
appears to be as good as or slightly better than nitrogen or helium.

There is, unfortunately, a shortage of data on human exposures to
neon-oxygen mixtures. Bennett (1967) and Bennett and Elliott (1969) report
the conduct of many short studies with the gas, some on humans; Weiss and
coworkers (1968) have conducted longer studies on other mammals. On the
basis of very incomplete data, it does not appear that the gas has toxic effects
which would preclude its use in either space operations or in underwater work at
moderate depths, where it can lessen problems in communications and heat loss
without appreciably increasing the risk of inert gas narcosis or decompression
sickness during reascent.

Argon, Krypton, and Xenon

It has been pointed out that argon is appreciably more narcotic than
nitrogen, which severely limits its usefulness in underwater work. In addition,
however, its use is associated with a substantially higher incidence of
decompression sickness than either helium or nitrogen in animals (Behnke,
1939). These two considerations make it unlikely that the element would be
seriously considered for use as the diluent gas in closed life support systems. It
should be mentioned, however, that it has been proposed, and used, in ascents
after very deep dives in an attempt to promote release of other inert gases from
the tissues. Such specialized uses are beyond the scope of this discussion; a

description of the technique has been published by Keller (1965).

The narcotic potency of krypton and xenon, together with much more
severe potential for decompression sickness, precludes them from consideration
for life support systems. It has been mentioned that xenon has been used as an
anesthetic agent, and in this area it may have certain advantages if the problem
of its cost can be overcome. Radioactive isotopes of both gases are used in
studies of lung and circulatory physiology in animals and humans.

Other Gaseous Compounds

Carbon monoxide is generated in small amounts by most organisms. It
results from the incomplete oxidation of foodstuffs. This compound is
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discussed more fully in chapter 10, Toxicology; it is mentioned here only
because of its physiological occurrence in closed ecological systems containing
man or animals.

Methane and other gaseous products evolved in the course of digestion and
bacterial action in the gut have varying toxicities. However, few studies involving
long-term continuous exposure of man have been conducted.

Finally, sulfur hexafluoride, a physiologically inert gas with a molecular
weight of 146.1, has been used in combination with oxygen in studies of the
effects of high gas density on respiration. The density of a 79 percent sulfur
hexafluoride-21 percent oxygen mixture is 4.2 times that of air at the same
pressure. The toxicity of its breakdown products militates against the use of
sulfur hexafluoride in other than experimental situations, where it can be quite
useful.
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CHAPTER 3
TEMPERATURE

by
P.J. Berenson, Ph.D.

and
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AiResearch Manufacturing Company

Human life can be maintained in environments ranging from Arctic cold,
where the problem is to minimize heat loss and maximize heat production, to
fumace-like heat, where the problem is to maximize heat loss. The spectrum of
human response to temperature is broad, ranging from complete thermal
comfort to the extremes of painimited exposures. The critical variable is
exposure time, which may range from seconds in pain-limited situations to a
lifetime. Thermal tolerance times can be increased by properly chosen clothing.

Within a period ranging from minutes (emergency situations) to days and
weeks, differences between individuals and groups in response to thermal
extremes are enormous, largely because of varying preceding experiences, or
“acclimitization.” Synthesis of available experimental data is extremely difficult
in the absence of a reliable quantitative scale upon which to identify individual
differences. Consequently, variations are emphasized in this chapter to illustrate
how selection and training can influence response to any particular environment-
activity-clothing combination. The conservative solution to the use of these data
is the choice of the least resistant and least trained individuals.

The problems of comfort in heat stress are emphasized here, with less
emphasis placed upon those problems associated with cold exposures. The
chapter begins with a discussion of the physiological parameters related to
human thermal interactions and closes with some data concerning thermal
protective, clothing. The terms and symbols used throughout this chapter are
defined in the Glossary which precedes the References section at the end of the
chapter.

Reviewed by A. Pharo Gagge, Ph.D., John B. Pierce Foundation. Appendix authored by the
reviewer.
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Physiological Parameters

The primary physiological parameters related to human thermal interactions
are sweat rate, skin surface temperature, and body internal temperature; only
small changes in the latter two can be tolerated without discomfort. Some latent
heat rejection by evaporation occurs due to respiratory water loss, but most
occurs at the skin surface, where water is deposited by the sweat glands and by
diffusion through the skin. The remaining energy, termed sensible heat, is
transferred to the atmosphere by a combination of convection and radiation
heat transfer. All heat rejected at the skin’s surface is transported from the deep
body tissucs by the flow of the blood.

Thermoregulatory Mechanisms

One of the heat-regulating mechanisms of the body involves control of the
flow of blood to the skin by the constriction and dilation of the peripheral
blood vessels. This vasoregulatory mechanism attempts to control sensible heat
rejection from the body to maintain internal body temperature at a nominal
value of 98.6°F (27°C). This mechanism, which is controlled by a combination
of internal and skin temperatures, is capable of providing a factor-of-ten variation
in sensible energy transfer between the body core and the surface (Robinson,
1963). Thus, under cold conditions, the body attempts to reduce the heat
dissipation rate by reducing the flow of blood to the cold skin by constriction of
the peripheral blood vessels. Under hot conditions, vasodilation, which occurs
with the onset of active sweating, takes place and the blood flow to the hot skin
is increased. Although the vasoregulatory mechanism is an important safeguard,
it has little effect on thermal comfort analysis. Experiments indicate that at the
limits of vasoregulation, the vasomotor system is capable of exerting a stabilizing
effect on rectal and skin temperatures for a finite period (Winslow, Herrington,
& Gagge, 1937). The period of stabilization is reduced as the severity of thermal

stress is increased.

For each individual, there is an internal set-point temperature at which he is
comfortable; the variation in the set point between individuals is approximately
+0.5°F (20.3°C). At internal temperatures above the set point, vasodilation and
active sweating occur; at internal temperatures below the set point, vasocon-
striction and increased metabolism due to shivering occur. Because shivering and
sweating are a function of both internal and skin temperatures, it is desirable to
maintain the internal temperature below the set point to avoid sweating; at the
same time, it is necessary to avoid excessively low skin temperatures that will
produce shivering and a cold sensation. According to Kerslake (1962), a mean
skin temperature of approximately 91.4°F (33°C) is near optimum; mean skin
temperatures higher than 94°F (34.5°C) cause active sweating, and mean skin
temperatures lower than 86°F (30°C) are associated with metabolic heat
generation by shivering.

The eccrine sweat rate is dependent on the cranial internal temperature only
for skin temperatures above 91.4°F (33°C); it is suppressed by reduced skin
temperature at skin temperatures lower than 91.4°F (33°C) (Benzinger, 1961).
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Because the relationship between the body skin temperature and internal
temperature is determined by the external heat transfer characteristics, for
particular environmental conditions, the eccrine sweat rate can be given as a
function of skin temperature alone.

Skin Properties

Relevant properties of the skin are listed in table 3-1. Skin temperature is an
important factor in body thermal control, although the heat rejection rate over
which it is effective is small relative to that exercised by the sweat mechanism. The
latter can generate water at a maximum rate corresponding approximately to
3000 BTU/hr (880 W or approximately 22gm/min for the average sized man). It
can be determined that the sensible (radiation plus convection) energy rejection
rate from the body will normally vary by approximately 20 BTU/hr (10 W) for
each °F (°C) change in skin temperature. Therefore, in going from a comfortably
cool skin temperature of 90°F to a comfortably warm skin temperature of 93°F,

the heat rejection rate is ncreased by only 60 BTU/hr (17.5 W).

Regional Requirements

As shown in figure 3-1, different areas of the body have varying thermal charac-
teristics and requirements. To be comfortable, the body must be maintained under
conditions producing no eccrine sweating. A certain amount of moisture, however,
will be removed from the body by insensible water loss, by diffusion through the
skin and by respiration. The data in figure 3-1 show that the insensible water loss
by diffusion varies greatly over the surface of the body and with the individual;
most of the loss is from portions of the body that are generally unclothed.

Insensible water loss is a continuing nonadaptive process and results in loss of
body heat under virtually all environmental conditions. The irreducible insensible
water loss from skin and lungs is 0.06 of 1 percent of body weight per hour. The
lower limit for insensible water loss from the skin alone at one atmosphere and
T,=68°F (20°C) is approximately 10 gm/sq m-hr. At air temperatures above 68°F
(20°C) the rate of insensible water loss increases linearly to a value of about
25 gm/sq m-hr at T, = 79°F (26°C). Below the sweating threshold, about
40 percent of the mositure loss is from the palm, sole of the foot, and head
(about 13 percent of the total body surface.)

At air temperature between 79° (26°C) and 93° (34°C) on Earth, there is an
increase in water loss as additional regional arcas of the body begin to sweat. The
progression of recruitment is generally from the extremities toward the central
regions of the body and headward, and is subject to effects of training. In this
temperature range and at rest, the onset of sweating produces water loss at rates
of 40 to 60 gm/sq m-hr for all regions of the body. At ambient temperatures
higher than 93°F (34°C), the increment in sweat rate increases linearly at the
rate of 12 to 15 gm/sq m-hr-°C in well-trained subjects at rest. With full sweating,
the trunk and lower limbs provide 70 to 80 percent of the total moisture perspired
(Hertzman, Randall, Peis et al., 1951, 1952). Tables 3-2, 3-3 and 34 summarize
the order of recruitment, mean regional evaporative rates, and regional fractions of
total evaporation, respectively.
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Table 3—1
Properties of the Skin

Approximate values of the physical dimensions of whole skin for Lhe “average nan”
15 1b, 5 ft 9 in.

Weight 8.8 Ib 4 kg
Surface area 20 sq ft 1.8 sq m
Volume 3.7 qt 3.8 titers
Water content 70 to 75 percent

Specific gravity [N
Thickness 0.02 to 0.2 in. 0.5 to 5.0 mm

Approximate vatues for thermal propecties of skin

Heat production 240 kcal/day
Conductance 9 to 30 keal/sq m-hr-"¢
Thermal conductivity (k) {1.5 -0.3) x 107> cal/em sec-°C, at 23" to 25°C ambient
Diffusivity [k/ac) 7 x 107¢ sg cm/sec {surface layer 0.26 mm thick)
Thermal inertia (koc) 90 to 400 x 107> cat¥/em® sec (°0)2
Heat capacity ~ 0.8 cal/gm
Skin temperature and thermal sensation:
Pain threshold for any area of skin 113%F (45%¢C)
When mean weighted skin temperature is: The typical sensation is:
above 95°F (35°() unpleasantly warm
93°F {34°%¢C) comfortably warm
below 88°F (3i1%C) uncomfortably cold
B6°F (30°9¢C) shivering cotd
84°F (29°C) extremely cold
When the hands reach: When the feet reach: They feel
68°F (20°C) 73.5° (23°C) uncomfortably coid
S9°F (18°¢C) 64.5%F (18°¢C) extremely cold
S0°F (10°C) $5.5%F (13°¢C) painful and numb
Approximate optical properties of skin:
Emissivity (infrared) ~ 0.99
Reflectance (wavelength dependent) Maximum 0.6 to |, fu

Minima < 0.3 and > 1. 21
Transmittance {wavelength dependent) Maxima (.2, 1,7, 2.2, 6, It
Minima 0.5, 1.4, 1.9, 3, 7, 12&

Solar reflectivity of surface

Very white skin 42 percent
S "white" subjects 28 to 40 percent, average 34 percent
6 “colored”’ subjects 19 to 24 percent, average 2| percent
Very black skin 10 percent

Solar penetration--very white skin 45.5 percent passes O.! mm depth

39.6 percent passes 0.2 mm depth
32.0 percent passes 0.4 mm depth
19.0 percent passes 1.0 mm depth
10.2 parcent passes 2.0 mm depth

Solar penetration--very dark skin 75 percent passes 0.1 mm depth

40 percent absorbed in the melanin layer
35 percent passes 0.2 mm depth
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—————
HEAD

HIGH SWEAT RATE
(7-11 G/HR (NSENSIBLE]

BACK
LOW SWEAT RATE

{1 2 G/HR INSENSIBLE)
HIGH SKIN TEMPERATURE

-
CHEST

LOW SWEAT RATE

11 -2 G/HR INSENSIBLE}
HIGH SKIN TEMPERATURE

-
NECK

HIGH SWEAT RATE
{4-5 G/HR INSENSIBLE]

ARMPIT
HIGHLY VARIABLE WITH
INDIVIDUAL  INSENSIBLE
SWEAT RATE AANGES FAOM
0707 G/HA

ARM
LOW SWEAR RATE
(1- 2 G'HR INSENSIBL E}

FOREARM

LOW SWEAT RATE
(1 2 G/HR INSENSIBLE)

ABDOMEN
LOW SWEAT RATE

{1 2 GIHR INSENSIBLE)
HIGH SKIN TEMPERATURE

HAND

HIGH SWEAT RATE AREA
{6 10 G/HR INSENSIBLE)
DIFFICULT TO COOL

BUTTOCKS
LOWSWEAT AATE
{1 2 G/HR INSENSIBLE}

CALVES
LOW SWEAT RATE AREA
112 G/HA INSENSIBLE}

VARIABLE SWEAT RATE
WITH INDIVIDUAL
DIFFICULT TG COOL

IN SEATED POSITION

FOOT

HIGH SWEAT RATE AREA
14 -7 G/HA INSENSIALE!
HIGHEST AATE FOR SOLE

THIGHS
LOW SWEAT RATE
{2 4 G/HR INSENSIBLE}

PREFERRED TEMPERATURE HEAT LOSS | AREA SKIN
AEGION 108y BTUMR £12 coNDuguNc[
BTUFT2MROF
HEAD 944 159 215 161
CHEST 944 26 183 ae7
ABDOMEN 944 179 129 202
BACK 944 493 248 431
BUTTOCKS 944 330 1.94 170
THIGHS. 914 47.7 355 176
CALVES 875 580 215 236
FEET 835 m7 129 198
ARMS ota W4 107 a0
FOREARMS 878 342 0.88 345
HANDS 835 615 0.7 5.45

Figure 3—1. Regional cooling requirements of the human body in air
at sea level at rest. (After Berenson, 1965, from data of Kerslake, 1964)

Table 3—2

Recruitment of Sweating

Usual (But Not
Area Invariable) Order
of Recruitment
Dorsum foot 1
Lateral calf 2
Medial calf 3
Lateral thigh 4
Medial thigh 5
Abdomen 6
Dorsum hand 7 or 8
Chest 8 or 7
Ulnar forearm 9
Radial forearm 10
Medial arm 11
Lateral arm 12

(After Randall and Hertzman, 1953)
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Table 3—3
Increments in Mean Regional Evaporative Rates

With Rise in Environmental Temperature

increment in
Evaporative Rate, °C Evaporative Rate
Region T,29 l 34 38 2910 34 341038
gm/sq m/hr gm/sg m/hr/°C
Calf 18.0 86.5 169.0 137 204
Thigh 144 58.7 144.0 8.0 213
Abdomen 120 60.0 156.0 9.6 24.0
Chest 9.6 37.2 1200 5.5 207
Forearm 12,0 2186 96.0 19 186
Arm 10.8 144 65.0 0.7 130
Cheek 240 36.0 108.0 24 180
Forehead 240 60.0 240.0 7.2 45.0
{After Hertzman et al., 1952}
Table 3—4
Regional Fractions of Total Cutaneous Evaporation
Expressed as Percentage of Total
Air Temperature, °c
Region
24 26 28 30 32 34 36 37
Head 1.8 12.1 19 9.7 8.0 70 8.5 84
Arm 46 44 4.2 34 26 22 3.1 3.3
Forearm 8.2 7.2 6.0 4.3 3.2 31 44 4.3
Trunk 22.8 230 222 22.2 300 33.0 43.0 38.2
Thigh 136 13.1 17.1 20.2 226 238 255 22.3
Calf 85 8.0 1.9 16.0 20.3 228 24.1 19.8
Paim 15.6 15.3 131 96 68 46 35 2.5
Sole 147 15.1 13.5 99 6.4 3.7 23 15

(After Hertzman et al., 1952)

The maximum attainable perspiration rate
approximately 30 gm/min for an average sized man, which could provide
maximum evaporative cooling rate of 1200 watts. At these rates, however, even

of the human body is

with adequate consumption of water and electrolytes,

mechanism  fatigues

depending on the individual and his degree of acclimatization.

the

sweating
in 3to 4hours and perspiration rates decrease
significantly. This fatigue is a function of skin wetness. The maximum
effective perspiration rate that can be sustained is extremely variable
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Energy Balance Equation

Heat is transfered between man and the environment through four avenues:
radiation, convection, conduction, and vaporization. The body also stores energy
in the tissues and body fluids. Thermal interactions between the human body
and the environment can be examined in terms of the energy balance equation.
This equation balances the normal energy gains and losses and can be expressed
as follows (Blockley, McCutchan, & Taylor, 1954):

O+ O ~ W=, 20 + Q20 + Qv O

For a steadystate thermal condition, the rate of heat storage rate is
zero (Qs = 0). The conductive heat transfer mode is usually quite small and
can be neglected in most instances (Qi = 0). Finally, if the body is shielded from
direct solar radiation, the term (Qg, ) can be omitted from the expression.

With these simplifications, the energy equation can be expressed as:
Em 'W =thch+Qc +(?V (2)

and the system can be analyzed quantitatively after these terms have been
adequately defined.

Metabolism (Qp,) is the sum of the basal metabolic rate plus an incremental
increase in heat energy due to gravity and/or stress. Values of metabolism for
various activities are presented in chapter 18, Work, Heat and Oxygen Cost. The
most common activities require a metabolism between 300 and 1000 BTU/hr or
90 and 300 watts.

In the steadystate condition required for long-duration comfort, the
metabolic energy is dissipated by the work accomplished and by heat rejection
to the atmosphere. Because man is relatively inefficient in converting metabolic
energy into useful work (the maximum work output being approximately
20 percent of the metabolism) (Fahnestock et al., 1963), most of the metabolic
energy must be lost to the environment by heat rejection.

Radiation heat transfer (Q;) occurs as a result of the temperature difference
between the human body and the walls of the surroundings. Convection heat
transfer (Q) occurs as a result of the temperature difference between the body
and the gas atmosphere. Evaporation heat transfer (Qe) results from the
vaporization of moisture at the surface of the skin. Respiratory heat transfer
(Qy) is the heat loss (including vaporization of water) from the lungs because of
respiration.

Determination of the thermal status of the human body in space operations
requires analysis of a large number of variables. The effect of many of these



72 Bioastronautics Data Book

variables has no simple mathematical solution and must be derived from
experimental data. Even then, the results must be treated with caution when
applied to the small population represented by a flightcrew. Individual metabolic
rates, health variations, tolerances, and motivation can cause wide deviations
from predicted states and performance.

In general, all the variables can be collected under three major classifications:
environment, body state, and clothing, as shown in table 3-5.

Since many of the variables are interdependent, solution of the complete
energy balance equation becomes largely an iterative process modified by heavy
reliance on reasonable assumptions and experimental results. Maintaining a
thermal balance requires the regulation of environmental parameters to maintain
man in a state of thermal equilibrium (or compensable quasi-equilibrium) at all
anticipated levels of activity to ensure adequate performance and preclude
irreversible physiological effects.

Heat Transfer Equations

Heat Conduction Through Clothing

The dry heat transfer from the ekin to the outer surface of the clothed body
is a complicated phenomenon involving internal convection and radiation
processes in intervening air spaces, and conduction through the cloth itself. To
simplify calculations, the following relationship between clothing surface
temperature, T., and skin temperature, T, considers a simple conduction
process through clothing of thickness, L:

T =T — 3)

The value L/k is known as the clothing or Clo value. The reference point for
the Clo value is taken as a man in a suit with no gloves, or light gloves, and
leather footgear with light socks. This is known as 1 Clo and corresponds to a
value for L/k of 0.88°Fsq ft-hr/BTU or 0.155°C-m2/W. The Clo value ranges
from four for artic equipment to zero for the unclothed subject, as shown in
table 3-6 (Fanger, Nevins, & McNall, 1968). A value of 0.6 Clo is often used
becuase it is typical of light indoor clothing.

The effective Clo value for a person seated in a padded chair (or lying down)
might be substantially larger than the Clo value for a standing person in the
same clothing ensemble. The 1 Clo value is as high as can be expected in a
shirt-sleeve environment. More typical values would be 0.25 Clo for the underwear
worn by project Gemini astronauts. The heat loss from the skin surface is inversely
proportional to (I, +1¢1) where I, is the insulation of the ambient air and I - il is the
intrinsic insulation of the clothing itself. The effect of helium in reducing the Clo
values of different garments has not been studied. Preliminary studies confirm that
Clo values tend to vary inversely with the thermal conductivity of the atmosphere.
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The effective Clo values (i.e., I+1¢) in a 7 psia 50 percent oxygen: 50 percent
helium environment, therefore, would probably be 0.015: 0.017, or about
0.56 that of sea level air (Roth, 1967). The clothing surface area may be
50 percent greater than that of man (Nelson et al., 1947), although probably
not all of the increased area is available for heat transfer. Table 3-6 presents
typical ratios of the clothing surface area to the skin area.

Radiation Heat Transfer

The analysis of radiation heat transfer between an astronaut and his
surroundings is complicated by a number of factors. These include:

1. Ability of the crew to move around and change position

2. Arrangement and surface temperatures of the various equipment
enclosures

3. Localized differences in temperature of the cabin walls and size and
location of windows.

The problem can be greatly simplified by theoretically collecting all
equipment and structures into an equivalent enclosure at a mean radiation
temperature. The following equation applies to a man in an enclosure at a single
effective radiation temperature (McAdams, 1954). The man was assumed to be
radiating heat at a single mean temperature equal to the temperature of the
outer surface of the clothing.

Assuming that source and sink are gray bodies, the following equation,
which includes the effect of geometric configuration, can be used for the
radiation shape factor of a completely enclosed body (McAdams, 1954):

Few = )

The emissivity of human skin in the infrared range is approximately 0.99.
The emissivity of clothing and skin at body temperature generally is assumed to
be 0.95. The emissivity of surroundings (€,,) will depend on the proportion of
high and low emission surfaces subtended by the body. The range of
emissivities will vary from 0.2 (for oxidized aluminum) through 0.9 (for
transparent plastics and oil painted surfaces) to 0.95 for an adjacent crew
member, also in shirtsleeves.
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The effective radiation area of the body, A, will be less than the total
exposed surface area of skin and clothing because some portions of the
body are partially shielded from the surroundings. The measured ration
between the effective radiation area and the total surface arca are given in

figure 3-2 for different positions (Guibert and Taylor, 1952).

450 90° 1350 1800

09

08+
=
< |
+

07— -

6
CROUCHED  SEATED  SEMI-ERECT ERECT

POSITION
Figure 3—2. Body radiation area for various body positions.
(From data of Guibert, 1952)

If man is in an enclosure much larger than himself, the ratio A;/A, in
equation 5is small, and F;, = €. Therefore, equation 4 becomes

Qr = aecAr(Tg - Té/) (6)

The radiation heat transfer coefficient is defined by the following
equation:

Q = L, AT, - T,) )
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Therefore, from Equation 4

OF ¢ (T —T3))

i} 8
. — ®

=

Values of the radiation heat transfer coefficient are presented in figure 3-3

for F¢, = 0.9,
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Figure 3—3. Values of the radiation heat transfer coefficient.

In addition to determining the mean radiant temperature of the
surroundings, it is important to consider local effects. A man located
between warm and cold surfaces at a neutral atmospheric temperature and
apparently comfortable may experience pain and stiffness in the muscles
exposed to the cold surface after a prolonged period of time, especially

after sleep.

Forced Convection Heat Transfer

The rate of heat transfer by convection can be written:

QC = hcA(Tc ) Ta) (9)



Temperature 79

The convective heat transfer coefficient, he, is a complicated function of
fluid flow, thermal properties of the fluid, and the gcometry of the body.
Because there has been some variance between the values used by different
groups in relating the h; of man to the atmospheric gas velocity, selecting the
appropriate heat transfer coefficient is a difficult problem. A discussion of the
implications of different coefficients used in the analysis of forced convection

about the human body was published by Kerslake, (1963).

Figure 3-4 represents a summary of several approaches to forced convective
heat transfer coefficients (convective film coefficients) for man in an
environment containing air at %2 atm. The first three curves represent the he
values obtained from empirical studies of humans. These are compared with four
theoretical curves: (1) a cylinder in longitudinal flow, (2) acylinder 10 inches in
diameter in crossflow, (3) a flat plate with flow perpendicular to it, (4) a cylin-
drical model of man in crossflow (figure 3-5). The value of h for the cylindrical
model of man corresponds closely with those obtained by Nelson (1947) and are
equivalent to h,, for crossflow about eylinders 5 inchesin diameter.

16

{1} Hall, 1950

{2) Winslow, Gagge, and Herrington, 1939

{3} Nelson et al., 1947

14l (4} Cylindrical mode! of main in crossflow {anatytical)
{Parker et al., 19651

{5} Flat plate (Hamilton Standard curvel

10-1n. dia cyhnder in cross How Equation (10}

Longitudinal flow (L & f1}

29

hg ~{Btu/hr-- 12-0F)

0, i A L . 1 i 1
(4 20 40 60 80 100 120 140 160

VELOCITY OVER MAN [f1/min}

Figure 3—4. Comparison of forced convection film coefficients for man at 1 /2 atm of air.
( After Parker et al., 1965)

The following equation, derived from the heat transfer correlation for fluids
flowing perpendicular to cylinders, estimates the forced convection heat transfer
coefficient for all gas mixtures (Berenson, 1965):

h, = 0.021k, \/PV (10)
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H

psia, V = ft/min, and

a factor that depends on the transport properties of the gas mix-
ture. For 0y — Ny mixtures, k, = 1; for other gases,

K - kmix (Mmix x Hair )0'5 <Prmix\0-33 an
¢ kair Mair Hnix Prair/

For example, a 50-percent oxygen-helium atmosphere at 7 psia, k. =1.6.

._..i7.5" DlAvlﬁ-—

24 Area, 112
Part &
Head 1.95
Neck 22
Trunk 6.18
1 Upper legs 419
Lower legs . 349
4 Upper arms .. 1.40
Lower arms 1.96
6 DAl Fingers LY
16" Totat 2006
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Figure 3—5. Cylindrical model of man. (After Parker et al., 1965)

Figure 3-6 shows the effect of gas velocity on the convection heat transfer
coefficient based on the cylindrical model of man for various helium- oxygen
and nitrogen-oxygen atmospheres. The partial pressure of oxygen at 170 mm Hg
is near the sea level equivalent and is held constant with the diluent gas ranging

from 0 to 400 mm Hg.

The values for neon mixtures will lie between those for helium and
nitrogen. It is clear from comparing the physical properties of the gases that
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for different mixtures of oxygen-nitrogen there is little sensitivity of he to
percent composition of gas.

pHe or pNy (mmHg) =, 600

16

1.2

=)

he Btufhr—ft, OF

He-0, Atmosphere

______ No—0p Atmosphere

O A L A i A L A
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VELOCITY OVER MAN (ft/min}

170 mm Hg of Oy

Partial Pressure (mm Hg) of He
in Atmosphere

1

pHe

pN2 = Partial Pressure (mm Hg) of N2
in Atmosphere

Based on Cytlindricat Model of Man

Figure 3—6. Heat transfer coefficients of man in Og — He and O3 — No
at different gas velocities. (After Parker et al., 1965)

All of the correlations for the forcedconvection heat transfer coefficient are
consistent with the following general theoretical correlation:

0.5
th ) pVD C‘p"‘ 0.33
k

—— = const.
k

(12)

The only difference between the equations is the value of the empirical
correlating constant. As shown in figure 34, there is a variation of
+50 percent between the various correlations.
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Free Convective Heat Transfer

In the presence of a gravitational field such as on the Earth, planetary
surfaces, or rotating space stations, free convection is possible and is the
preferred mode of cooling because no additional fan energy need be
expended. General freeconvection heat transfer equations vyield the
following simplified equation for free-convection cooling in nitrogen-oxygen
mixtures (Berenson, 1965).

he = 0.06 [P2g(T, — Ta)]o'5 (13)

Mixed free and forced convection environments can be handled by
McAdams’ rule, which states that both the free and forced convective heat
transfer coefficients are calculated and the higher of the two values used
(McAdams, 1954). The critical forced convection velocity (vcrit), where the
forced convection heat transfer coefficient is equal to the free convection
coefficient, can be calculated for oxygen-nitrogen mixtures by equating
equations 10 and 13.

0.5
Verit = 83 [g(T, — T,)]  ft/min (14)

If the forced convection velocity is less than the critical value, free
convection is the dominant heat transfer process.

Forced Convection Evaporation

The rate of heat transfer by evaporation can be written (Berenson, 1965):

P, - P,
Qe = hphg, AC (T) (15)
* /H

20

The mass transfer coefficient, hp, is a complicated function of fluid flow,
fluid properties, and body geometry. The mass transfer coefficient can be
calculated from the heat transfer coefficient, h,, by using the heat-mass
transfer analogy with the following result (Eckert & Drake, 1959):

h, pe23

= — 16
PCp Sc2/3 @

hp
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The following equation for the evaporation heat loss results from combining
equations 10, 15, and 16 (Berenson, 1965).

0.5
)

Q, = 0.126 CAT, k, (?) ((ps _ pa)) a7

where V= ft/min
P = psia
k., = afluid property parameter that depends on the diffusivity of

water vapor in the gas mixture and on the transport properties
of the gas mixture itself. For air,k, = 1. For other gases,

Mmix ir 0-17
k, = (kD)°'67< X : ) (18)
air ix

The diffusion coefficient for water in helium is 3.5 times that for water in
air. For the case where the water is diffusing into a mixture of helium and
oxygen, diffusivity relative to air, kp), is found from

1

kp = 1
D~ MOLFRACT.He ~MOL FRACT. 0, (19)

3.5 1

For example, for the 50 percent oxygen atmosphere in helium at 7 pisa,
kp = 1.554. Therefore, for the k, values calculated for the oxygen-helium
atmosphere containing 50 percent oxygen,

0.17
0.67(18 12.10 -
k, = (1.554) (29 X 1397 = 1.219

The exponent of V in equation 17 is 0.5. Some empirical data yielded an
exponent of 0.63 (Clifford et al., 1959). In view of the other assumptions that
must be made regarding clothing and body positions, the uncertainty introduced
by this difference is not serious. In fact, the calculated values of maximum
evaporative loss (C = 1) give predicted results only 10 percent higher than
actually measured (Clifford et al., 1959; Webb, 1967). Since the rate of

evaporation and the diffusion coefficient for water vapor are inversely
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proportional to pressure, latent cooling capacity increases with decreasing
(total) pressure (Taylor & Buettner, 1953).

Curves illustrating the general magnitude of the pressure, dew point, and
gas stream velocity effects predicted by equation 17 are presented in
figure 3-7. In the temperature range under consideration for space cabins,
the temperature and the dew point have relatively little effect as compared
to gas stream velocity and ambient pressure.

DEW POINT
Q, - 246 T,/ V/P (P, - P,) of
T, = 950F
40001 1 _ goor
A - 195SQFT

3000

QgBtu/hr)

2000

1000

! | L. ] .
) 50 100 150

V {ft/min)

Figure 3-7. Maximum evaporation rate at rest in oxygen-nitrogen mixtures.
(Berenson, 1965)

It is likely that the body does not become fully wetted with sweat until
the sweat rate is about twice the maximum evaporative capacity. Loss of
sweat by dripping probably begins when the sweat rate is about 1/3 of the
maximum evaporative capacity (Kerslake, 1963). The effect of body
position and geometry on the constants of these equations cannot be
overemphasized. The effect of clothing also is an important factor in
determining evaporation rates (Blockley et al., 1954).

Free Convection Evaporation

A free convection evaporation cooling equation also can be developed
using the heat-mass transfer analogy. For example, combining equations 13,
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15, and 16 yields the following equation for the free convection evaporation
rate in oxygen-nitrogen mixtures (Berenson, 1965):

CT (
Q, =1.3A —;— ®, - Pa){Pg (0.005 P(T, —T,)+ 1.02(P, - Pa))}o'z‘ (20)

Respiratory Heat Loss

Heat loss due to respiration varies directly with metabolic rate and is
influenced by atmospheric composition (including carbon dioxide and water
vapor content) and pressure. Because the respiratory tract is a very efficient
saturator of inspired air, heat gain to the body through respiration will not
occur until atmospheric temperature approximates 185°F (McCutchan &
Taylor, 1951).

Heat loss from the lungs approximates 10 percent of the metabolic rate
(7to 8kcal/hr) in the neutral zone (Hardy, 1964). Definitive data are
available for determining respiratory heat loss for the atmospheric
compositions and pressures of interest in space flight environments,
especially those of the space suit (Bryan, 1964; Webb, 1955; Wortz et al.,
1966).

After determining the pulmonary ventilation rates corresponding to a
specific activity level and stress factors such as hypoxia, hypercapnia, or
anxiety, the heat loss due to respiration can be caluclated by determining
the sensible heat required to raise the inspired atmosphere to expiration
temperature and adding the heat of vaporization increment for the moisture
lost to the inspired air from the respiratory tract.

One expression for calculating respiratory heat loss is (Wortz et al.,
1966):

Q, = VAC,(T, — Ty * 058(W, — W;) (cal/hr) 1)
where V = volume of atmosphere breathed per hour (liters/hr)
p = density of the atmosphere (gm/liter)
Cp = specific heat of atmosphere (kcal/Kg—°C)
T, = temperature-expired atmosphere (°C)
T, = temperature-inspired atmosphere (°C)

0.58 = heat of vaporization Hy0 (kcal/gm)
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W

€
Wi = wecight of water in inspired atmosphere (gm)

it

weight of water in expired atmosphere (gm)

A more simplified approach is also available (McCutchan & Taylor,
1951).

Thermal Comfort

Comfort Criteria

Comfort zones have been defined in the literature in terms of skin
temperature, sweat rates, and various indexes that relate environmental
parameters to subjective impressions of comfort or measured values of
selected physiological variables. For the same conditions and individuals, the
established boundaries for thermal comfort, performance, and tolerance as
described by the various design indexes may be completely consistent.
Variations in activity, wearing apparel, individual health and acclimatization,
and thermal exposure immediately prior to making a determination of
comfort, however, will operate to shift the zones and introduce incon-
sistencies in results (Gagge, 1966).

A large amount of literature is available concerning human comfort and
physiology under a wide range of conditions in the Earth environment.
Examples of comfort indexes established in the past are the British Comfort
Index (Dunham et al., 1946), ASHRAE (American Society of Heating and
Air  Conditioning  Engineers) Effective Temperature, and Operative
Temperature (cited in Webb, 1964). Unfortunately, because of important
differences in gravity and pressure found in space environments, most of
these data are not directly applicable to the design of spacecraft thermal
control systems. The following comfort criterion is generally applicable.

Krantz (1964) describes a comfort design criterion developed by
Window et al. (1937), based on percentage utilization of the maximum
evaporative cooling capacity. It was found that on the hot side of
comfortable conditions, sweat production was definitely related to the
sensation of discomfort; on the cold side, skin temperature below 90°F
produced a cool feeling. As shown in table 3-7 the sensation of comfort was
related by Window et al. (1937) to the percent of the body covered by

moisture.

The comfort design method described by Krantz (1964) involves analysis
of the environmental conditions to estimate the radiation and convection
heat transfer from the body. The metabolic rate necessary to sustain the
activity level is estimated. The difference between the metabolic rate and
the radiation and convection heat loss, therefore, is the required evaporative
cooling. The environmental design conditions are then evaluated with respect
to the maximum evaporative cooling capacity; if the required evaporative
cooling represents from 10 to 25 percent of the maximum, the environment
is in the comfortable range. If it is outside this range, some of the
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environmental design factors (gas temperature, ventilating gas velocity, or wall
temperature) should be changed to provide a comfortable environment.
Although this concept is simplified and has not been proven for all values of
total sweat output and atmospheric conditions, it is plausible and can be

generally applied.

Table 3-7

Evaporative Capacity Comfort Criterion

Percent of Maximum Skin Temperature
. . Comfort Level

Evaporative Capacity Op o¢
0to 10 Cold <89 31.7
10 to 25 Comfortable 90 to 92 32.2-333
25 to 70 Tolerable 93 to 94 33.9-34.4
70 to 100 Hot >95 35
Over 100 Dangerous

With resting, unclothed subjects, approximately 10 percent of the maximum
evaporative capacity is provided by inscnsible moisture loss from the body by
respiration and by diffusion through the skin. This moisture loss is not subject to
thermoregulatory control, and an indicated evaporative cooling requirement less
than this amount represents overcooling of the body. With normally clothed
subjects the insensible moisture loss is 5 percent of the maximum evaporative
capacity. These losses are, of course, a function of the metabolic output and
respiratory rate. Recent unpublished data from the NASA Manned Spacecraft
Center, Houston, suggest that the minimum latent heat loss by evaporation,

Qe min, is given by the following equation:

= 0.125E,, + 50 (Btu/hr) (22)

Qe min

This fact alters previous approaches to setting the cold-comfort boundary using
C = 0.1 as a criterion.

In summary, the thermal comfort design objectives are that body storage be
zero, cvaporative heat losses be limited to insensible evaporation of moisture
produced only by respiration and diffusion through the skin without the activity
of sweat glands, and that body and skin temperatures be maintained near normal
values of 37°C (98.6°F) and 33° to 34°C (91.5° to 93.5°F) for a resting
subject. During exercise each multiple increase in resting metabolism decrease
the skin temperature for comfort by approximately 1°Cand the rectal
temperature rises by 0.2°C but the mean body temperature for comfort remains
cssentially the same during rest and exercise.
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Comfort Zones

Because of the dearth of empirical data on comfort zones in uncommon gas
environments, several attempts have been made to predict these values.
Figures 3-8 and 3.9 represent typical results of one approach using equations 6,
10, 13, 17, and 20 to estimate the comfort zone in oxygen-nitrogen mixtures for
various combinations of forced vs free convection, Clo values, etc. (Berenson,
1965). Comfort was established from the ratio of required evaporative cooling to
predicted maximum evaporative capacity, C, using the criterion of table 3-7 with
the exception that equation 22 was used to calculate the lower boundary of the
comfort zone. In addition, the skin temperature was constant at 91.4°F instead
of varying with C in the manner shown in table 3-7.

AlA
NUDE
200 Eq, - 500Btuihe
P - 6puia
DEW POINT  50°F
- 0
T, = 81.4%
Tw - Ta
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Ay, 196 5q It
A, 155 s It
1501~
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>
501
0,
0 i "
[¢] 40 50

Figure 3—-8. Forced-convection comfort zones during mild exercise.
(Modified from Berenson, 1965)

Unfortunately, there are few empirical data to substantiate these curves.
Preliminary studies tend to corroborate some of these predictions for different
oxygen-nitrogen environments (Bonura & Nelson, 1967; Secord & Bonura, 1965;

Roth, 1968). In addition, the predictions of this approach agree with the
ASHRAE data (Berenson, 1965).
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Figure 3—9. Lunar free-convection comfort zones as related to exercise rate in the nude.
(Modified from Berenson, 1965)

For cabins with oxygen-helium mixtures, other hcat flow constants must be
used to determine comfort zones (see equations 10 and 17). Empirical comfort
temperatures in different gas mixtures have not been systematically obtained.
Comfort temperatures have been recorded only as the average cabin temperature
set over periods of several weeks by subjects who had control over the thermostat
within the cabins (Roth, 1968). These temperature settings for subjects in surgical
clothes, which have about 0.5 Clo in air, are presented in table 3-8. These datain-
clude varied numbers of different subjects being studied under cach gas mixture.
No windspeed measurements were taken during these studics, however, the
velocity was probably negligible.

Other studies found comfort temperatures in He-Og at higher levels (Bonura &
Nelson 1967; Secord & Bonura, 1965). In these studies, the average tempcerature
settings during a varied work-rest cycle with 0.7 Clo were 78° F for nitrogen-
oxygen at 7 pisa and 85°F for helium-oxygen at 5 psia.

Table 3-9 presents additional data on Earth comfort zone boundaries for men
at rest in reduced pressure N2-Og and He-Og atmosphere (Fanger etal., 1968). Gas
velocity was varied from 20 to 80 ft/min with little effect on the comforl zone
boundaries.

AAT-8H8 O - 53 - T
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Heat Stress

Space operations require an understanding of man’s responses to thermal stress
and his capacity to tolerate heat. Extensive data are required in addition to those
presented previously on comfort zones to reach even an index of man s response to
thermal loads. The dependent variables that must be considered include body tem-
peratures, sweat response, pain and discomfort thresholds, body stress, and
psychomotor performance.

Body Temperatures

The body temperatures used in thermal analyses are body core temperature
(T;), skin temperature (Ts), and mean body temperature (Tp).

Body Core Temperature(Tr). Internal body or deep body core temperature is
an important factor in the thermoregulation of the body. Rectal temperature
(T,) is considered a reasonable measure of deep core temperature and is easily
obtained. Core temperature remains remarkably constant at a mean of 37°C or
98.6°F as long as the body is in thermal equilibrium. Internal body temperature
is to some extent a function of the external environment, but is less so than skin
temperature. Even under conditions where thermal adequacy is provided, there
is a tendency for increased core temperature at higher metabolic rates.

Changes in core temperature can affect the rate of reaction of the various bio-
chemical reactions that make up the metabolic processes of the body . This effect is
called the Qj g effect and results from the temperature dependence of the chemical
reaction rates which provide metabolic energy. That is, at temperatures above
approximately 98°F, there will be approximately a7 percentincrease in metabolic
rate per °F increase in internal body temperature. Similarly, at temperatures less
than 98°F, there will be a corresponding decrease in metabolic rate due to a de-
crease in the chemical reaction rate. The Qg g effect is important in considering the
thermal tolerance limits for human endurance. If the body is unable to adjust suit-
ably to the environment and the internal temperature falls outside the control
range, the Q) ¢ effect results in a more severe condition, by decreasing metabolic
heat output under cold conditions, and by increasing metabolic heat output during
hot conditions.

Skin Temperature (Tg). Skin temperature is primarily a function of the ther-
mal environment of the body and the resulting heat exchange with the ambient.
Decreasing environmental temperatures result in reduced skin temperatures;
decreasing ambient pressure leads to increased skin temperatures. The following
expression (equation 23) is used to derive amean skin temperature, which can then
be used in computing mean body temperature (equation 24) and energy balance
(equation 1).

-
|

s = 0.12Tp, e + 012 T g + 012 T

abdomen

V004 T, + 009 Ty + 013 Ty,

+

0.05Ty 04 * 007 Tpeaa + 0.06 Too, (23)
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Mean Body Temperature (Tp). Mean body temperature is derived from
the weighted sum of the rectal and mean skin temperatures. The weighting
varies as a function of ambient temperature (Stolwijk & Hardy, 1966). For
ambient temperatures of less than 30°C (Burton, 1946):

Ty, = 0.67T, + 0.33T, (24)

For zone of evaporative regulation temperatures (T,>28°C, 85°F), the
weighting is 1:4for Tg:Tror 1:9for Tg: Teq (esophageal). Mean body
temperature is used primarily as a determinant of heat storage or vice versa.

Heat Stress and Water Loss from the Body

The response of body core (rectal) temperature to heat stress induced
by ambient conditions and metabolic loads is shown in figures 3-10 and
3-11. Note in figure 3-10 that for each level of work, there appears to be a
characteristic internal or core temperature at equilibrium which is unaffected
by the environment so long as the neutral boundary condition, is not
exceeded. As the figure shows, the characteristic internal (rectal)
temperature for a particular work load varies between groups; both physical
training and training for work in the heat (acclimatization) produce lower
values. Superficial differences between ethnic groups appear to be due to
habit patterns and experience relative to working under hot conditions.
Figure 3-11 clearly illustrates the effect of heat training (acclimatization) on
the equilibrium rectal temperature, and the small, probably insignificant,
effect of training on the location of the neutral boundary. Note that in the
neutral zone, heat-trained men working at 1600 BTU/hr maintain body
temperatures as low as or lower than novice workers working at
700 BTU/hr. However, when both groups are in the stress zones for their
respective work levels, the difference between their mean body temperatures
is 1.5°F. For comparison, new men working at 1600 BTU/hr have
temperatures 1.5°F higher than similar men working at 700 BTU/hr, when
both are in their neutral zone of environments. The figure plots mean
thermal rectal temperature against effective temperature, which has been
defined by the American Society of Heating, Refrigerating and Air
Conditioning Engineers, Inc. (ASHRAE) as “an arbitrary index which
combines into a single value the effect of temperature, humidity, and air
movement on the sensation of warmth or cold felt by the human body.
The numerical value is that of the temperature of still, saturated air which
would induce an identical sensation.”

Man’s responses in atmospheres other than air at sea level are under
evaluation (Epperson et al., 1966).
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Sweating and Respiratory Water Loss. In normal man, heat stress can be eval-
uated by the rate of water loss from the body. Analyses of evaporative heat ex-
change under various conditions were presented above. In addition to these data,
which are applicable to space operations, figures 3-12 to 3-14 represent the sweat
production rates to be expected under survival conditions on Earth. Figure 3-12
shows how loss of water through the skin by diffusion is influenced by the vapor
pressure gradient, the skin temperature, and the barometric pressure. A high skin
temperature is shown to be related to a high diffusion loss. Warm skin free of sweat
was produced in the experiment illustrated by a high dosage of atropine. The graph
also shows that diffusion is increased as barometric pressure is lowered. Figure 3-13
shows the effects of various environmental conditions on sweat production. Note
in figure 3-13(a) that the relationship of skin temperature to sweat production is
highly variable under various environmental conditions. In figure 3-14 data are
plotted for six experiments on one subject, who was “fully acclimatized,” of
“better than average stamina,” who marched at 3.5 mph up a 2.5 percent grade, at
100°F and 20 mm Hg, with a 10-minute rest every hour.The more water he drank,
the lower was his rectal temperature. Other experiments with nude subjects resting
at 110°F and vapor pressure of 25 mm Hg have shown that they were able to main-
tain equilibrium only if they replaced water continuously. It may be concluded
that failure to replace completely the water lost in sweat, hour by hour, leads to
elevation of body temperature and excessive physiological strain. Thirst or the
desire to drink is unreliable as an indication of the requirement for water intake to
make up for heavy sweating. Other work has shown that replacement of salt at
regular mealtimes is adequate in contrast to the situation illustrated in figure 3-14
for water.
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Figure 3—12. Insensible water loss from the skin as a function of absolute humidity, skin
temperature, and barometric pressure. (After Blockley, 1964, drawn from data of Brebner
etal., 1956; Hale et al., 1958; Webb et al., 1957; Zollner et al., 1955)

Figure 3-15 represents the sensitivity of water loss through respiration to a
metabolic rate and ambient pressure and dew point (Wortz, 1966). Rates of
nonthermal sweating are about 80 to 220 gm/hr from covered areas and 20 to
40 gm/hr from the rest of the skin (Webb, 1967). This can be increased by
psychogenic stimuli of many types (Webb, 1967).
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Heat Stress Indexes. In the noncompensable zones of thermal control,
performance and tolerance have an inverse exponential relationship with
exposure time. Figure 3-16 reflects the general time-tolerance relationship for
extremes of ambient air temperature under sea level conditions.
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Figure 3-17 shows the physiological impairment that may be anticipated due
to extremes of body temperature. The tolerance limits reflect the borders of physi-
ological collapse to be used for rough evaluation of situations.
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Under conditions of heat stress, the mode of evaporative heat loss cannot
completely compensate for the difference between total heat load and heat lost
through other modes. This lack may be attributable to failure to achieve a
sufficiently high perspiration rate or by failure to achieve a sufficiently high
evaporation rate. Even though the perspiration rate is adequate to maintain
thermal balance, conditions of high humidity and/or low ventilation may limit
evaporation rates to values below that required for adequate cooling.

Some environmental correlates of comfort and stress were discussed
previously. The more physiologically determined indexes will now be reviewed.
A more detailed critique of the physically and physiologically determined heat
stress indexes is available (MacPherson, 1962).

The Belding-Hatch Heat Stress Index (HSI). The Belding-Hatch (1955)
heat stress index is defined as the ratio of evaporation rate required for energy
balance to maximum perspiration rate safely attainable for prolonged
periods—both expressed in liters (of sweat) per hours, or:

HSI = X 100 (25)

max

The criteria on which the heat stress index is based are:

a. Body heat storage will not exceed the limit represented by a mean skin
temperature of 95°F, and

b. Ep . will not exceed 1 liter/hr; equivalent to 2400 Btu/hr (400 kcal/hr).

Figure 3-18 and table 3-10 can be used as indicated to estimate the
physiological and general function impairment of an 8-hour exposure at sea level
to several stressful thermodynamic parameters.

The P4SR Index. The sweat rate can be used as a predictor of thermal
stress in another way. The predicted 4 hour sweat rate (P4SR) uses only the rate of
sweating as a criterion of heat stress in environments that are hot enough to cause
sweating (Wyndham, 1952). On the basis of British experimental work, empirical
nomograms have been developed for predicting the probable amount of sweat in
liters that would be sccreted over a 4-hour period by fit, acclimatized men under
different environmental conditions (Smith, 1955). A PASR nomogram is shown in
figure 3-19.

The group of curves marked S1 and S2 in the center of the nomogram, running
downwards from right to left, constitute the scale from which the basic 4-hour
sweat rate (BASR) is read. If the predicted 4-hour sweat rate (P4SR) is required for
men sitting in shorts, the calculation is very easy as the P4SR is the same as the
B4ASR. All that is necessary is to join the appropriate point on the dry-bulb scale to
the wet-bulb temperature on the wetbulb scale corresponding to the air
movement. The P4SR is given by the point where this line intersects the curve on
scales 51 and S2 corresponding with the air movement.
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Figure 3—18. Flow charts for determining heat stress index values at sea level conditions.

(After ASHRAE, 1965)
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10 ft/un s W.8.6

97
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30 1/min = WB.S

4
(-]

50 tt/min * W, B.4

WET BULB TEMPERATURE,

27

AR VELOCITY, f1/min

Figure 3—-19. Nomogram for the prediction of 4-hour sweat rate (P4SR) at sea level. (After

MacPherson, 1960, reprinted by permission of the Controller of Her Brittanic Majesty’s
Stationery Office)

The P4SR also may be calculated by the following three stages: In the first
stage, the wet-bulb temperature may require modification depending on the
amount of radiation, the metabolic rate, or the character of clothing. In the
second stage, the nomogram is used to obtain the B4SR and in the third stage,
the PASR is obtained by adding certain constants to the B4SR depending
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on the metabolic rate (see wet-bulb equivalent of metabolic rate in inset)
and clothing. A P4SR of 4.5 liters was provisionally adapted as the upper limit
of tolerance for physically fit men. Details regarding the three-stage modification
are available (MacPherson 1960).

The P4SR, although derived under rather different conditions than expected
in space flight, offers some possibilities if suitably extended (Webb, 1964). It
was originally based on several types of experimental data taken on heat-
acclimatized young men in Singapore and in environmental chambers. It is
unsafe to use it as a means of predicting sweat rate, however, unless all the
conditions are similar to thosc originally used. When used with care, the PASR
does allow prediction of thermal effect in a number of different situations
(Blockley, 1965). The limitations are chiefly those of a narrow range of activity
(up to 250 kcal/sq m-hr or five times the sitting subject rate) limited clothing
combinations, and the fact that all the subjects were heat acclimatized. The
P4SR is not recommended for predicting sweat. It can be used, however, for
comparing environments in terms of thermal stress, to be followed by
experimental evaluation of the environments, with sweat production being taken

as one dependent variable (Gillies, 1965).

Human Performance During Heat Stress

Tolerance Time in Heat. The maximum tolerance time (8 ) for heat gain
that represents an emergency maximum for thermal stress is inversely
proportional to the heat storage.

6t = 3300/Q, min or 55/QS hr (26)

where Q

s is calculated using equation 1.

The tolerance and general performance limits as a function of time and body
heat storage are shown in figure 3-20. The heat storage at tolerance is inversely
related to the rate of heat storage (Goldman et al., 1965). Recent evidence
indicates that men actively exercising in space suits can store up to 1000 BTU in
actively working muscle (Wortz, 1967). This storage must be considered during
any analysis of tolerance times in exercising subjects.

Figure 3-21 indicates the conservative nature of earlier tolerance limits. The
dashed lines in the figure and points 1,2, 3, and 4 represent more recently estab-
lished tolerance time levels. The tolerance limit at high temperature is based on
faintness, dyspnea, nausea, and restlessness as an endpoint. Because these levels are
nearly double the limits established by earlier workers, engineers designing in terms
of earlier tables probably were more restricted than necessary or enjoyed a wide
margin of safety even in the response of the most sensitive occupants. The ranges
represented by these tables also reflect individual differences between subjects as
well as differences in motivation. The dashed lines probably represent the capa-
bilities of highly motivated spacecrews in top physical condition.
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Figure 3—-20. Performance and tolerance limits; transient zone.
(After Blockley et al., 1954)
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Figure 3-22 uses the reference operative temperature to determine per-
formance and tolerance limits. There are high correlations between the final skin
temperature, rate of rectal temperature rise, and rate of heart rate increase as

linear functions of the Oxford index (Goldman, 1965).
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Figure 3—22. Performance and tolerance limits in the quasi-compensable zone
for lightly dressed men. (After Blockley et al., 1954)
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Performance Under Heat Stress. Performance begins to deteriorate in any
given condition at about 75 percent of the physiological tolerance limit.
Although highly motivated individuals may be capable of exceeding normally
established performance and tolerance limits (Teichner, 1961), excessive
penalties in recovery time may be required if normal limits are exceeded. Even
though no other stresses are anticipated or evident, it is suggested that
75 percent of the average tolerance limit level not be exceeded until the
significance of deconditioning that occurs during space flight is better
understood. Figures 3-23 and 3-24 reflect performance decrements as a function

Bioastronautics Data Book

of ambient and effective temperature.

AVERAGE NUMBER OF MISTAKES/MAN-HOUR

Figure 3-23. Combined performance averages for 11 wireless telegraph operators

Table 3-11 summarizes the physiological response increases and decreases in
environmental temperature (Spector, 1956). The debilitating ¢ffects of heat have

140 |

120+

60}~

40

20+ 3RD HOUR

AVERAGE
1ST HOUR
0 i 1 1

i
75 80 85 90 95
EFFECTIVE-TEMPERATURE (OF)

under conditions of extreme heat. (Roth, 1968)

received much attention (Lind, 1963).

Table 3-12 classifies the symptoms to be expected from the debilitating

effects of heat.

100
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Figure 3-24. Effects of incentives, target speed, and environmental warmth on accuracy
of manual tracking. (After Teichner, 1961; adapted from Pepler, 1959)

Acclimatization to Heat. Acclimatization can alter the response of
humans to heat loads. Figures3-25 and 3-26 represent the improvement in
function that is possible through heat acclimatization. Figure 3-25(a) shows
results obtained with the standard acclimatization procedure used in South
African gold mines to prepare laborers recruited from remote villages for
work in saturated environments underground. The duration of the daily
work period was 5hours, and the work, shoveling rock. For the first
6 days, the effective temperature was 84°F; for the next 6 days, the E.T.
was 89.5°F and the amount of rock shoveled was increased. Note in the
graph the fall in rectal temperature. The curves are means for over
100 men, and the bar shows *1 S.D. during each of the 6-day work periods.
In figure 3-25(b) results are shown for a heat acclimatization technique used
at the U.S. Army Laboratories at Natick. In this experiment, men marched
at 3.5 mph for 100 minutes each day in an environment of 120°F dry-bulb,
80°F wet-bulb, 200 ft/min air velocity (E.T. 89°F, vapor pressure
15 mm Hg).
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Figure 3—25. Acclimatization to heat. A: results of standard procedure used to acclimatize
laborers for work in saturated environments underground; B: results of a U.S. Army Natick
Laboratories technique. (After Blockley, 1964, adapted from a. Wyndham et al., 1954:
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In figure 3-26(a), the results of a heat acclimatization experiment involving
two subjects are shown. Subjects walked at 3.5 mph on a 5.6 percent grade in a
room at a temperature of 104°F and a vapor pressure of 13 mm Hg (E.T. 84°F).
Subject S.R. was acclimatized by 23 exposures between February 20 and
March 20. After March 20 his only exposures were on April 16 and 28. Subject
W.H. was acclimatized by 11 exposures between March 24 and April 8. After
Apnl 8, his only exposures were on April 22 and 29. On the first exposure, the
experiment was terminated by the collapse of the subjects at 90 min. After
acclimatization, the men were still maintaining equilibrium with ease after
4.5 hr. Acclimatization to heat is shown by the lowering of body temperatures
and heart rates. Figure 3-26(b) is a diagrammatic presentation of mean results
from two studies of the heat acclimatization phenomenon. Subjects in both
groups were drawn from the same Army population at Fort Knox, Kentucky.
The two studies are related by means of a parameter combining the sweat rate
(expressed as its caloric value if evaporated) and metabolic rate. The slope of the
straight lines in the diagram represents an estimate of the sensitivity of the sweat
response to increases in temperature of the peripheral tissues or blood (expressed
as a function of surface temperature and metabolic heat output). It can be seen
that when men are unclothed and the air is dry, sweat rate changes but little, but
the skin temperature needed to produce that amount of sweat becomes steadily
lower in successive exposures when the climate is humid, and evaporation s
impeded by clothing: the skin temperatures does not change much on successive
days, but the quantity of sweat produced at that temperature is enormously
increased as acelimatization progresses.

The value of the shorter exposure period technique in preparing men to
work for long periods such as 5hours or more in the heat is the subject of
considerable controversy. Newer techniques pioneered by Fox (1964) in
England concentrate on raising core temperature to the same fixed level each
day, so that thermal strain, rather than the stress, remains constant throughout
the acclimatization process. Under these conditions, improvement continues for
longer periods and to greater levels than the standard exposure techniques. Heat
acclimatization may not be as important in hot, wet environments where
increased evaporative cooling cannot be produced even if there is an increased
sweal secretion, since no inerease in the internal thermal gradient between core
and skin temperature can be achieved (Goldman, 1965).

Skin Pain and Heat Pulses. Tables 3-1 and 3-13 and figure 3-27 show the
pain thresholds for the skin from conductive, radiant, and convective heating. In
general, the pain threshold is reached when the skin reaches a temperature of
45°C. A skin temperature of 46°C is intolerably painful. For small skin areas the
curve shown in figure 3-27 becomes asymptotic at about 18 BTU sq ft/min. At this
level and below, the blood supply to the skin is carrying off the heat as fast as it
arrives, and heat is stored in the body. How long this can go on with the total body
exposed is not established. A rise in skin temperature of 0.008°C will evoke a
sensation of warmth in 3 seconds and a decrease in skin temperature of
0.0070°F will produce a cold sensation. The face and the neck are the
most sensitive to thermal stimuli and the backs of the hands are next

(Hardy 1954).



Temperature

Table 3—-13

Pain from Conductive Heating

113

Hetal Surface
Temperature,
o

Avesr e

Tolerance

Tiwe,

Body Area Clothing Worn f sec
Hand Barc shin 120 0 to {5
Kkneecap Bare skin () 34

Bare skin 120 5
Fingurtip AF/B-3A lcather gloves 150 12,6
AF/8-3A leather gloves 160 7.3
Hand - palm AF/B-3A leather yloves 150 25.2
AF/B-3A leather gloves 175 9.7
AF/B-3A lcather gloves 185 8.0
Forvarm SAC alert suit 150 20.0
SAC alert suit 175 8.0
Upper arm K-2B light AF flight coverall 150 7.9
SAC alert suit 150 3.3
Alert suit plus Brynje net string 300 7.2
underwear
K-2B suit 150 18,1
K-2B suit plus Brynje underwear 150 81,9
Buttocks SAC alert suit 150 70.3
Alert suit plus Brynje underwear 300 21.7
K-2B suit 150 32.5
K-28 suit plus Brynje underwear 150 ~50
Mid-thigh SAC alert suit 150 35.6
Alert suit plus Brynje underwear 300 13,1
K-2B suit 150 13.6
K-2B suit plus Brynje underwear 150 - 90
kneecap flexed SAC atert suit 150 (4.4
Alert suit plus Brynje underwear 175 9.5
K-28 suit 150 7.3
Calf =uscle SAC alert suit 150 14,4
Alert suit plus Brynje underwear 300 1.4
K-2B suit 150 13.2
K-2B suit plus Brynje underwear 150 66. 1
Upper arm MD-3A wool-nylon antiexposure suit 300 12.0
MD-3A wool-nylon antiexposure suit 400 10,2
forearn MD-3A suit 250 15.9
Palr of hand Aluminized asbestos glove 250 13.5
Back of hand Alurinized asbestos gloves 250 5.2
Palm of hand Arctic mitten 300 8.7
Arctic mitten plus B- 3 glove 300 37.0
Arctic mitten plus B-3A glove 400 27.6
pigskin B0O°F heat glove 300 30.7
Pigskin 800°F heat glove 400 21,0
Pigskin 800°F heat glove 500 18.5

Notes: Light touch pressure (less than 1 psi) applied to heated metal surface. Thee.

bow and knee sometimes received second-degree burns without pain.
{ After Blockley, 1964)
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Figure 3—-27. Pain from radiant and convective heating. A: strong skin pain produced by
sources ranging from intensity of nuclear weapon flash (approximately 100 BTU/sq ft/min)
to slow heat pulse associated with reentry heating, where the heating is partly convective.
(After Blockley, 1964; adapted from Buettner, 1952; Hardy, 1954; Kaufman et al.,, 1961;
Stoll & Greene, 1959; Webb, 1963).B: dividing line between painful and nonpainful heating
for air at various temperatures vs the heat transfer coefficient, which depends on air density,
air velocity, and surface areas and shapes. (After Blockley, 1964)
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The ability of the body to withstand high heat pulses is shown in figure 3-28.
Figure 3-28(a) and (b) show the pulse responses and average skin temperatures of
subjects exposed to three different severe heat exposure transients which come
close to both the pain limit and the heat storage limit. Each curve represents the
average data from five or six subjects. Clothing consisted of a standard flying cover-
all worn over long underwear with an insulation value of 1 Clo. Figure 3-28(c)
shows the increase in tolerance times for subjects exposed to a heat pulse where
wall temperature was increased at 100°F/min, and the subjects wore clothing af-
fording various degrees of protection. With subjects wearing heavy aluminized
coveralls, wall temperature increase was stopped at 500°F and that temperature
held until tolerance was reached. Adding ventilation with air at about 85°F al-
lowed these exposures to last beyond 20 min. Figure 3-28(d) graphs tolerance time
for man in a hot environment. The time scale indicates prepain time for exposure of
the skin to radiant heat, and escape time for the curve marked “body.” The latter
refers to a lightly clad man with his face exposed. The temperature scale denotes
room temperature for the body curve and radiation temperatures for curves refer-
able to the skin. The curve marked warm dry refers to experiments with an initially
dry skin, and a skin temperature initially of about 30°C. A tourniquet was applied
to obtain the data marked without circulation. The cold wet curve utilized skin
exposed wet at an initial skin temperature of about 15°C. The clothed skin curve
was obtained using skin covered with 1 cm insulating cloth with an initial skin
temperature near 30°C.

A computer program is available for evaluation of time-temperature histories

of the skin at different depths following heat pulses (Weaver, 1967).

Cold Stress

Shivering ensues when heat losses to the environment exceed the metabolic
energy being produced by the body and body and skin temperatures reach critical
values. The shivering reaction increases skeletal muscle activity (without doing
measurable work) and results in an increase in metabolic heat production. A two-
fold increase in metabolism due to shivering has been observed after exposure to an
ambient temperature of 41°F (5°C) for more than one hour. A fivefold increase in
metabolism due to shivering is considered to be the maximum attainable (Bul-
lard, 1963). Although shivering may add enough to metabolic heat production to
prevent further heat loss, it is never sufficient to replace heat already lost. The
shivering response may be triggered by the rate of decrease in temperature and not
the temperature of the body per se (Burton, 1946).

Cold Stress Tolerance

The effective loss of about 80 kcal/sq m or 31 BTU/sq ft has been taken as
the maximum heat loss a person can tolerate with severe discomfort (Spector,
1956). The heat available for loss can be taken as 0.75 Ep, + 80 kcal/sq m, where
E,, is the metabolic rate in kcal/sq m-hr. Sleep of unacclimatized Caucasians will
be disturbed at 50 percent of this loss rate. The lowest ambient temperature at
sea level that can be tolerated for prolonged thermal equilibrium is a function of
the exercise rate, insulation, wind speed, and several other variables.
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Figure 3—28. Tolerable heat pulses. (Part ¢ is adapted by Blockley, 1964, from data of
Kissen & Hall, 1963; Kaufman, 1963; Webb, 1963; Part d is after Buettner, 1952, based on
data of Blockley & Taylor, 1948, and Pfleiderer & Buettner, 1940)
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Figure 3—28. Tolerable heat pulses. (Part ¢ is adapted by Blockley, 1964, from data of
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b, 1963; Part d is after Buettner, 1952, based on
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An empirical expression for the total cooling power of the environment,
disregarding evaporation, is called windchill (Iampietro et al., 1958):

Ko = (V x 100 + 1045 — V)33 — T,) 27

where K, = windchill, that is, total cooling in kg-cal/sq m/hr

\

T, = air temperature in °C

wind velocity in m/sec

Although K, is not representative of human cooling and is probably not very
closely representative of physical cooling either, windchill has come into
common use as a single-valued index of the severity of the temperature-wind
combinations. As such, it provides a descriptive quantity against which human
cooling phenomena can be evaluated. A nomogram, giving rapid approximations
of windchill, is provided as figure 3-29. In outdoor cold weather, the wind
velocity has a profound, sometimes decisive, effect on the hazard to men who
are exposed. The windchill concept provides a means for quantitative
comparison of various combinations of temperature and windspeed. For
example, note in the nomogram -50°F with an air movement of 0.1 mph has the
same windchill value, and therefore is predicted to produce the same sensation
on exposed skin, as -15°F with a wind of only 1 mph or +14°F with a wind of
5 mph. The windchill index does not account for physiological adaptations or
adjustments and should not be used in a rigorous manner. It is based on field
measurements by Paul Siple during World War II of the rate of cooling of a
container of water.

When the rate of body heat production is greater than the windchill, excess
heat is removed by evaporation; under bright, sunny conditions, the nomogram

values should be reduced approximately 200 kg-cal.

For ocean recovery in winter months, the rate of cooling in water is impor-
tant. Figure 3-30 is a nomogram for estimating tolerance time to cold water
immersion (Smith et al., 1962). The nomogram was devised to relate the many
factors involved in estimating tolerance in cold water, where one knows or can
assume: water temperature (T, ); insulation of clothing and tissue (I;);
metabolic heat production per unit surface area (M/A); the immersed
surface area (A); body mass (m); and exposure time (t). As shown by the
dotted example line (for a nude man in water at 4°C, a metabolic rate of
400 kcal/sq m-hr, an immersed surface area of 1.75sq m, a body mass of
75kg, and an exposure time of one hour) the nomogram predicts: heat loss
to the environment Hc/A; heat debt per unit surface area (D/A); heat debt
(D); changes in mecan body temperature (df); and mean body temperature

©).
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Figure 3-29. Windchill nomogram.
(After Blockley, 1964;adapted from Siple & Passell, 1945)
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Figure 3—30. Nomogram for estimating tolerance times to cold water immersion.
(Adapted from Smith & Hames, 1962, by Gillies, 1965 and Blockley, 1964)
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Figure 3-31 is a graphic presentation of practical experience in cold
water tolerance with routine flight clothing and antiexposure suits. The
“voluntary tolerance, flight clothing” zone in figure 3-31(a) shows the
average results from numerous experimental studies, including a recent one
using a divers “wet suit” in conjunction with a flight suit and long
underwear. Such experiments are typically terminated when the subject
declines to accept the discomfort any longer, or reaches a skin temperature
below 50°F. The second limit shown, pertaining to men protected by
potentially waterproof garments, reflects the fact that hands and feet cannot
be adequately insulated and remain functional. Nude men in 75°F water
reach, within 12 hours, one or another tolerance limit (rectal temperature
below 95°F, blood sugar below 60 mg/100 ml, or muscle cramps). The
extent to which real survival time would exceed this limit is difficult to
predict, due to the importance of injury, equipment available, and such
psychological factors as belief in the possibility of rescue. An analysis of
over 25,000 personnel on ships lost at sea during 1940-44 showed that of
those who reached liferafts, half died by the sixth day if the air
temperature was below 41°F (5°C); survival time increased with increasing
air temperature.  Figure 3-31(b) indicates life expectancy for individuals
immersed in cold water wearing no protective clothing.

Figure 3-32 shows the time to reach critical core and skin temperatures
after exposure to cold water in several types of exposure suits. A criterion
of 76°F is based on the general obscrvation of extreme discomfort when
this point is passed. In most of the experiments summarized here, some
subjects requested termination of the exposure at or near the time when
the group average reached this point. Note for comparison the data point
for nude exposure to water at 48°F. The value of exercising in cold air and
the lack of an advantage in cold water is evident.

Recent developments in isotopic heating devices make practical the use
of exposure garments heated for long periods of time (Sanders, 1966).

In cold air, injury to the extremities is often a limiting factor in human
performance (Bullard, 1963). Figure 3-33 indicates the power required to
attain given skin temperatures of hand and foot in electrically heated gloves
and seals with subjects in an air temperature of 40°F in a 10 mph wind.
The body core in these experiments was wound in a U.S, Army
Quartermaster 4.3 Clo colddry standard clothing ensemble. Performance is
severely hindered if the temperature of the fifth finger falls below 55°F
(Clark, 1961).

Figure 3-34 presents a typical physiological response of a body immersed
in cold water and rewarmed. The pathophysiology and treatment of
hypothermia and cold injury in space operations were recently reviewed by

Bushy (1967).
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Figure 3—31. Survival in cold water. A: voluntary tolerance to cold water; B: life
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b. Estimated Survival Times in Cold Water with Latest Survival Clothing
Figure 3—32. Clothing tests in cold air and water. A: time to reach critical skin

temperature in cold air and water. (After Blockley, 1964; adapted from Barnett, 1962)
B: estimated survival times in cold water with latest survival clothing. (After Milan, 1965)
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Figure 3—33. Hand and foot temperatures maintained as a function of power used for
auxiliary heated gloves and socks. (After Goldman, 1965)
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Figure 3—34. Changes in body and skin temperature of subject immersed in water at 6°C
(43°F) for 52 min; water was then warmed to 39°C. (Note sharp fall of gastric, oral, and
rectal femperatures initially on warming.) (After Behnke & Yaglou, 1951)

Performance in the Cold

Skilled motor performance shows a progressive loss with continued cold
exposure (Trumbull, 1956). Tactual sensitivity is markedly affected by lowered
skin temperature. A numbness index has been developed based on the ability of
the individual to discriminate the separateness in space of two straight edges on
which the finger is placed (V-test or two-edge limen) (Mackworth, 1946).
Figure 3-35 shows the great difference in the size of gap required to detect the
presence of the gap under varying conditions of air temperature and windspeed.

General performance also is altered by cold in a complex way. Figure 3-30
shows the effects of various combinations of air temperature and velocity (and
thus windchill) on the manual dexterity of soldiers. Except as indicated,
complete Arctic uniforms were wom. During the test trials, the subjects removed
the heavy arctic gauntlet and performed with only the wool trigger-finger insert.
The results are based on a total of 530 soldiers sorted into the various subgroups
of the experiment. It may be seen that performance time increased in direct
proportion to the windchill and that mean skin temperature and digital
temperature were roughly inversely proportional to windchill. The rate of
cooling is an important factor (Clark et al., 1960). There is clearly a relationship
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between performance and the skin temperatures; however, analyses of these
data and those of figure 3-37 indicate that the direct dependence of
performance on finger and skin temperatures may be relatively small and
that other factors of a psychological or physiological nature may be of
equal or possibly greater importarice.
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40 60 80
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O AESTHESIOMETER {two points)
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MILLIMETERS
w
T

1 i | |
0 10 20 30
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Figure 3—35. Comparison of two-edge and two-point thresholds
as a function of skin temperature in air at sea level. (After Mills, 1957)

Total body cooling is not as significant a factor as finger temperature in
dexterity tests (Gaydos, 1958); cooling of the hand decreases finger
flexibility (LeBlanc, 1956).

The reaction speed of men to simple visual signals also is affected by
the cold (Teichner, 1958). The relative loss is not as great as that of tactual
sensitivity, but it is greater than that of manual dexterity. Figure 3-38
shows a comparison of these three phenomena for appropriately dressed,
but unacclimatized men in terms of the percentage loss relative to optimum
thermal conditions. It is reasonable to expect losses in a cold environment
for all types of performance that depend on any of these functions, as well
as tasks of eye-hand coordination (Teichner,1954) and intellectual tasks
requiring fast reactions such as the cold test (Horvath, 1947). Nothing has
been reported to indicate that intellectual tasks not requiring fast reaction
times, motor skills, or tactual sensitivity are affected by cold exposure, at
least short of the accumulation of a serious heat debt.
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Figure 3—36. Performance time, skin, and digit temperature as a function of windchill;
arctic clothing worn except where indicated. Hand exposed during performance only;
follows approximately 35 min of exposure. (After Teichner, 1957; copyright 1957 by
the American Psychological Association and reprinted with their permission)

Acclimatization to Cold

Recent evidence indicates that under cold conditions, increased voluntary
caloric intake and other compensatory processes result from the increased
energy expenditures associated with field activities (Davis, 1963) instead of
from the low temperature as such. ’
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Whatever the direct cause, the result contributes to a beneficial increase
in heat production, vasomotor and renal control. The major known
physiological changes produced in the cold were shown in table 3-11. This
table indicates that acclimatization takes the form of increased levels of
some functions and the return to normal of others. The value of using cold
acclimatization to increase the performance and survival capabilities of
astronauts during emergencics, in such missions as lunar night operations,
has not been established.

Clothing

The effects of clothing on thermal transfer from the body must be
considered for all conditions of space flight. The basic principles of thermal
physiology involved with the effects of wearing clothing have been discussed in
this chapter. Other factors, however, need to be considered (Blockley, 1954,
1964; Burton, 1955; Newburgh, 1949; and Roth, 1966).

Insulation Values
The addition of clothing to the body surface reduces the quantity of heat

that can be lost by evaporation because of the increased resistance to diffusion
of water vapor. At the same time it reduces the quantity of heat gained or lost
by the body by radiation and convection.

Two properties of clothing must be evaluated to determine the effect of
clothing on thermal balance:these are thermal resistance (Rg) and vapor
resistance (Rg). Thermal resistance is the resistance of a particular clothing
assembly to flow of heat. It is generally expressed in Clo units (see discussion
after equation 3).

The total insulation value of a clothing assembly to the man must include
the insulation of any gas layer trapped between clothing layers. Calculation of
the total insulation value of newly designed garments and fabrics requires the
knowledge of the equivalent thickness of the still-air layer (R'), which is equal to
the sum of the clothing thickness (Rg) as a still-air equivalent and the film
thickness of the still-air layer (R},):

(28)

Values for R’y for standard fabrics are shown in table 3-14. If fabric
thickness is known, the following relationship can be used:

ng _ equivalent air thickness 29
L fabric thickness 29
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If thermal resistance in Clo units is known, the relationship shown in
equation 30 can be used.

R'g vapor resistance (in. of air) 0.5 in. ) 1.2 cm of air
= - — = of air or ———  (30)
Ry thermal resistance (Clo units) Clo Clo

Vapor resistance (R'y) depends on the vapor diffusion of evaporated water,
weave and thickness of the fabric material, thickness of the air layers between
the garments, and nature of the gaseous environment. While the rate of vapor
transfer across near isothermal air layers is directly proportional to thickness,
bellows action and resulting convection suggest use of the same maximum
effective thickness for vapor transfer as for heat transfer, that is R, = 0.3 in.
(0.75 cm). The values of R/L in table 3-14 are a convenient estimate of the
vapor resistance of similar fabrics.

After thermal resistance and vapor resistance of the garment assembly are
determined, the boundary for heat transfer with the environment may be shifted
from the skin of the body to the surface of the clothing. With clothing as the
boundary, T, is substituted for Ty in all expressions for heat transfer.

Ventilated Suits

Suit convective heat removal is computed from the mass flow of ventilating
air and the difference between inlet air temperature and the desired surface

temperature (Blockley, 1964).

Q = 0.24(90 — Tj,)w Btu/hr @31

The cooling capacity of Apollo prototype ventilated suits as a function of
gas flow at several internal suit pressures is shown in figure 3-39. The partition of
cooling into sensible and latent loads is indicated. The capacity of Apollo
prototype ventilated suits to handle different metabolic loads is shown in
figure 340.

Liquid-Cooled Suits

For work loads greater than 600 BTU/hr, liquid cooling must be added.
The broken line in figure 3-39 represents projected capacity for liquid
cooling cascade addition to ventilated suits. Total liquid loop suits have
been used to extract heat in a warm environment and heat the body in a

cool environment (Burton, 1966; Lang, 1965).
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Table 3—14
Vapor Resistance of Fabrics (R'g)

Weight Thickness (L) | Resistance (R')
Fabric (o0z/sq yd) (cm) {cm air) R'/L
Cottons
Cotton net 4.4 0. t00 0.12 1.2
Cotton twill (3 by 1 in.) 8.2 0.097 0.19 1.9
Cotton twill {5 by { in.) 8.8 0.112 0.24 2.1
Cotton twill {2 by I in.) 4.4 0.069 0.15 2.2
Cotton poplin 5.8 0.039 0.09 2.3
Cotton oxford 67 0.081 C.19 2.4
Cotton balloon cloth 2.2 0.015 0.04 2.6
Cotton "jungle cloth” 13.6 0.107 0.30 2.9
{Bedford cord)
Heavy cotton 13.5 0.076 0.28 3.7
Close-weave cotton 9.8 0.05t 0.23 4.5
(Shirley L-30)
Wools
Double-face wool pile 22 It (] t
Wool twill {2 by 2 in.} 10 0.173 0.26 1.5
Worsted serge 6.1 0.056 c.12 2.1
Wool serge 10.7 0.130 0.3l 2.4
Ny lons
Spun-nylon fabric 6.9 0.046 0.18 3.9
Nylon poncho cloth 1.5 0.018 0.07 3.9
Five-end nylon sateen 2.3 0.0l16 0.03 5.0
Fitament nylon fabric 2.0 0.013 0.09 6.9
Piain weave nylon 2.6 0.020 0.19 9.5
Rayons
Viscose rayon (2 by 2 in. 3.6 0.025 0.13 5.2
twill (filament)
Acetate rayon satin 2.7 0.0t8 0.14 7.8
(filament)
Glass
Glass fabric 3.3 0.013 0.12 9.2
Plain weave glass fabric 6.6 0.030 0.32 10.5

{After Blockley et al., 1954}
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If the cooling requirement for a given thermal situation is accurately
known, the appropriate line in figure 341 gives a family of suitable inlet
temperature and flow combinations to meet the requirement. The inlet
temperature coordinate has a lower limit of 32°F because, for all practical
purposes, pure water can exist only in liquid form above this temperature
and because of the possibility of causing local frostbite. The upper limit of
inlet temperature has been set at 113°F because temperatures above this are
liable to burn the skin. Mass flow coordinates extend up to 150 Ib/hr
because this is about the maximum flow capacity of the present suit. The
suit should be capable of absolute maximum cooling rates of 1930 BTU/hr
and heating rates up to 700 BTU/hr at a flow of 150 Ib/hr. If the cooling
requirement is accurately known, the unit performance indicated in

figure 3-41 should specify inlet temperatures to about 2°C or 3.2°F.
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Figure 3—41. Suit performance for liquid-cooled suit. (After Burton, 1966)

The recommended distribution of tubing in a typical water-conditioned
suit for use at rest required to give no local overcooling is shown in
table 3-15 (Burton, 1965). Unfortunately, severe exercise may alter this
distribution.

Data on the latency of cooling after exercise loads recently have been
gathered and are most useful for design of thermal regulators for liquid
suits (Webb, 1967). Figure 342 compares the equilibrium rectal temperatures
attainable at different metabolic rates.

Figure 343 presents the shivering and sweating thresholds for subjects in
Apollo prototype liquid-cooled suits. Extravehicular suits must be designed
to remove at least 2000 BTU/hr 500 kcal/hr) of heat and remain within
these thresholds (Lang, 1965).
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Table 3—15

Recommended Distribution of Tubing in Water-
Conditioned Suit at Rest

Region Percentage of Tubing
1/2 head 0
Hand 0
Foot 0
Forearm 9.3
Arm 16.9
1/2 back 10.0
1/2 chest 8.8
Calf 1841
Thigh 256
Buttock 45
1/2 abdomen 6.8

(After Burton & Collier, 1965}
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sources. ) (Webb, 1964 after Webb & Annis, 1965)
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Figure 3-43. Comfort thresholds of sweating and shivering in prototype
liquid-cooled Apollo suit. (After Lang & Syversen, 1965)

Conductive Heat Transfer

Liquid cooling garments require that physiological constraints to conductive
cooling modes be quantifiably identified. These constraints include sensitivity to
thermal and pressure gradients on the skin surface, tube to skin contact resistance,
skin resistance, temperature ranges (for comfort) of body parts, and the effects of
hair and perspiration on conductive exchange.

Unfortunately, the liquid-cooled space suit is worn under exercisc conditions
where skin comfort temperatures, thermal conductances to deeper subcutaneous
structures, and similar factors are quite different from the resting conditions
(Webb, 1966). The characteristics of the skin in thermal comfort cannot be used
under the unusual environmental condition of exercise in a liquid-cooled suit.
Specific data are needed on the determinants of skin comfort under such
conditions. Figure 343 is a good example of the type of data needed.

To determine heat conduction in the steady state, the following equation may
be used:

k
QL /A = T (Ty — Ty) (32)

In the resting condition, the thermal constant for conducting heat from the interior
of the body to the skin (tissue conductance only)is:

k=15 %03 x 1073 keal/em-sec°C (at 23° to 25°C ambient)
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At full vasoconstriction, when tissue conductance is 9 to 10 kcal/sq m-hr-°C, the
value for conductance corresponds to a tissue layer 1.8 to 2.2 cm thick. At the
limit of vasodilation, thermal conductance is increased to values of 28 to
30 kcal/sq m-hr-°C. Although values above and below these limits have been
reported in the literature, many of the subjects may have become acclimated by
the tests and, accordingly, their values of conductance would exceed the norm.
A change from full vasoconstriction to full vasodilation lowers thermal resistance
of the body approximately the equivalent of 1 Clo unit.

Equivalent thermal conductance between adjacent radial layers of head,
trunk, and extremities has recently been suggested. Assuming the thermal
conductivity of tissue of 36 kcal-cm/sq m-hr-°C, physiologically effective masses
and heat capacitance of different body compartments also have been calculated.
The effectiveness of vascular convective heat transport can be measured
quantitatively by deriving values of thermal conductance for the peripheral
tissues of the body (Stolwijk, 1966). Cardiovascular changes, such as shunting
during exercise, considerably complicate such calculations and, unfortunately,
are key factors in operational situations.

In general, it can be concluded that as a physical thermal transfer system,
conductive cooling can be adequate to maintain essential thermal equilibrium. It
is essential, however, that the heat exchanger in contact with the skin operate at
high enough temperatures to preclude vasoconstriction and guarantee adequate
transfer of heat from the deep core to the skin to the heat exchanger. Current
designs are not adequate to maintain man in the comfort zone during exercise at

high metabolic rates.

Nomenclature
Symbol Definition BE Units
A areas sq ft
Ab surface area of body sq ft
AC surface area of clothed body sq ft
Ar radiating area of body sq ft
Aw area of wall sq ft
o wetted area/Ab
CP specific heat at constant pressure Btu/1boF
D diameter or significant dimension ft
Dv vapor diffusivity sq ft/hr
E evaporative water loss Ib/sq ft

E metabolism Btu/hr



hrb

hfg

Temperature

Definition
shape-emissivity factor
fraction of earth gravity

mass velocity (pV)

convection heat transfer coefficient

mass transfer coefficient

radiation heat transfer coefficient

radiant conductance (blackbody)
heat of vaporization

thermal conductivity

thickness

molecular weight

atmospheric pressure

standard barometric pressure
water vapor pressure

atmospheric water vapor pressure
water vapor pressure at the skin
convection heat transfer
evaporation heat transfer
garment cooling

metabolic heat

radiation heat transfer

storage rate

solar heat transfer to man
conductive heat transfer
respiratory heat transfer

total heat transfer

Gas constant

thermal resistance of clothing

vapor resistance in terms of the
equivalent thickness of still air

clothing vapor resistance

temperature
atmospheric temperature
weighted mean body temperature

effective temperature

BE Units

dimensionless

1b/sq ft-hr
Btu/sq ft=hr-°F
ft/hr

Btu/sq ft-hr-°F
Btu/sq ft-hr-°F
Btu/lb
Btu/ft-hr=-°F

ft

Btu/hr

psia

psia

psia

psia

psia

gtu/hr

Btu/hr

gtu/hr

Btu/hr
Btu/hr
Btu/hr
Btu/hr
Btu/hr
Btu/hr

ft=1b/1b-°R

sq ft-°F
Btu

ft still air

ft still air

R
°R
°R

°F

135
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Symbol Definition BE Units
T clothing surface temperature °R
To operative temperature of
Tor reference operative temperature °F
T rectal temperature °F
T, weighted body skin temperature °R
T, garment ventilating temperature oF
L average wall temperature °R
T film temperature oR
u internal energy per unit mass Btu/lb
U overall heat transfer coefficient Btu/hr=-sq-fi-"F
v velocity ft/br or ft/min
v respiration rate liters/hr
w mass flow rate tb/hr
W work rate Btu/hr
GREEK SYMBOLS
& solar absorptivity of skin or garments
€ emissivity dimensionless
€. emissivity of clothing dimensionless
<, emissivity of wall dimensionless
8 time of exposure min or hr
Bt tolerance time min or hr
" viscosity Tb/ft-hr
o density Ib/cu ft
o Stefan<Boltzman constant 0.1714 X 10~¢

DIMENSIONLESS GROUPS OR NUMBERS

th
Nu - - Nusselt number
C =~
Pr —E— Prandtt number
Re . \D Reynold number
s - Schmid
¢ ) chmidt number
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APPENDIX

A TWO-NODE Model of Human Temperature Regulation in FORTRAN
by A. P. Gagge

The following is an Annoted FORTRAN Program which includes the most
recent concepts of the regulation of body temperature during rest and exercise
and during the transient and steady states. The general principles described are
presented in NASA Report CR-1855, A Mathematical Model of Physiological
Temperature Regulation in Man by J. A. J. Stolwijk (1971). The present model
(A. P. Gagge, J. A. . Stolwijk and Y. Nishi, ASHRAE TRANSACTIONS, Vol.
77,Part I, 1971) is a simplified version, which considers the control of body
temperature to be accomplished primarily by the mean skin temperature and a
central core temperature; the latter may be measured either in the rectum or in
the esophagus. The present model also includes an analysis of the seven
independent environmental factors necessary to make a complete partition of
the heat exchange. Definitions are indicated for the new Effective Temperature
(ET*) of the American Society of Heating, Refrigerating and Air-Conditioning
Engineers, as well as the new Standard Effective Temperature (SET*), by which
it is possible to compare on a commonly experienced temperature scale the
expected physiological heat stress caused by use of clothing, by radiant heat, by
air movement and by barometric pressure. Modifications of the model for water
immersion are also indicated.

The independent variables are:

MR = metabolic rate in W/m?2 (REAL)
WK = work rate accomplished in W/m
CLO = intrinsic clothing insulation in clo units [0.155 m? . CO/W]
CHR = linear radiation exchange cocfficient in WAm2.°¢)
CHC = convective heat transfer coefficient in W/{m2.°C) at sea level
and varies with both air movement (VELA) and activity (VCL) {see Nishi and Gagge, 1971)
BARQO = barometric pressure (mm Iig)
TA = ambient air temperature °C
TR = mean radiant temperature ©C

PPHG = ambicnt vapor pressure in mm Hg and may be found
from w~et bulb (TWET) or dew point (TDP) measurements

The dependent variables are: -
TSK = temperature of skin shell (~ Tsk) in °C
TCR = central core temperature (~ rectal or esophageal) in OC
ALPHA = ratio of mass skin shell to mass central core (N.D,)
SKBF = skin blood flow in 1/(mZ-hr)
EV = total evaporative heat loss in W/m?

Characteristics of an Average Man

70. = body weight in kg

1.8 = body surface in sg. meters

0.72 = ratio of body's radiating area to total surface area
5.28 = minimum skin conductance in W/(m2-°C}

6.3 = normal skin blood flow in l/(m2~hr)
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The assigned coefficients are
specific heat of blood in W.hr/(1-°C)

1.163=

0.68 = latent heat of water W-hr/g

0.97 = specific heat of body in w-hr/(kg-°C)
2.2 = Lewis Relation at sea level in oC/mm Hg
760. = seca level barometric pressure in mm Hg

4
5.67E-08 = Stefan-Boltzmann Constant in W/ (m2.K°)

Initial Conditions (TIM = 0) are those for physlological thermal
neutrality:

TSK = 34.
TCR = 37. (forrectal) or 36.6 (for esophageal!
CHR = 5.0
CTC = CHR+CHC
SKBF = 6.3
ALPHA= 0.1
EV = 5.0
For sedentary case (1 met):
MR = 58.2
RM = MR
WK = 0
CHC = 2.9
For exercise:
CHC = .4 (bicycle ergometer at 50 RPM)

S
CHC = 6.0 (" " " 60 RPM)

CHC = 6.51*VEL**0.391 (treadmill walking for VEL in m/sec)
CHC = 8.60*VLI**0.531 (free walking at VEL in m/sec; still air)
CHC = 8.60%VEL**0.531 + 1,96*VELA**0.86 (where VELA is a head
wind in m/sec)

Initial Defipitions

Respired Evaporative Heat Loss (ERES) (Fanger, 1970)
ERES = 0.0023*RM*(44.-PPHG)

Respired Conveclive Heat Loss (CRES) (Fanger, 1970}
CRES = 0.0012*RM*(34.-TA)

Burton Clothing Efficiency Factor (FCL)

FCL = 1./(1.+0,155*CTC*CLO)
Operative Temperature (TO)
TO = (CIR*TR+CHC*TA)}/CTC

The above detinitions are entered by READ and DO statements

The Simulation Program for Human Temperature Regulation

starts here:

100 CONTINUE
Clothing Surface Temperature
TCL = TO+FCL*(TSK-TO)
Factor (FACL) increases radiation area of body by 15%/clo (Fanger, 1970)
FACL = 1.+40.15*CLO
The coefficient CHR varies with TSK or TCL during regulation
CHR = 4.*5.97E-08*((TCL+T0)/2.4273 )**3.*FACL*0.72
CTC = CHR+CHC
FCL = 1./{1.+0.155*CTC*CLO)
DRY = CTC*FCL*(TSK-TO)
Heat Flow (HFCR) from body core to skin shell
HFCR = RM-~ERLS-CRES-WK-(5.28+1. 163*SKBF)*(TCR-TSK)
Heat Flow (HFSK) from skin shell to environment at TO
HFSK = (5.28+1. 163*SKBF)*(TCR—TSK)-DRY-—(EV—ERES)
Thermal Capacity of body core (TCCR)
TCCR = 0.97*(1.-ALPHA)}*70.
Thermal Capacity of skin shell {TCSK)
TCSK = 0.97*ALPHA*70.

Change in core temperature {DTCR) caused by HFCR
DTCR = (HFCR*1.8)/TCCR
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Change in skin shell temperature caused by HFSK
DTSK = (HFSK*1.8)/TCSK
Iteration to simulate regulation will be at one minute intervals
or by DTSK and DTCR not greater than + 0.1°C,
DTIM = 1./60.
U = ABS(DTSK)
IF(U-0.1)5, 19, 10
10 DTIM=0.1/{U*60.)
S CONTINUE
U=ABS{DTCR)
IF(U-0.1}105,110,110
110 DTIM=0.1/{U*60)
105 CONTINUL
TIM is in hours
TIM = TIM+DTIM
TSK = TSK+DTSK*DTIM
TCR = TCR+ DTCR*DTIM

Definition of the Control Signals (SKSIG, CRSIG)
from skin shell:- "cold" (COLDS); + “"warm" (WARMS)
SKSIG=TSK-34.0
IF(SKSIG}15,15,20
15 COLDS=-8KSIG
WARMS=0.0
GO TO 25
20 COLDS=0.0
WARMS=SKSIG
25 CONTINUE
from body core: = "cold" {COLDC); +“"warm" (WARMC)
CRSIG=TCR-37,0
IF(CRSIG)30,30,35
30 COLDC=-CRSIG
WARMC=0.0
GO TO 40
35 WARMC=CRSIG
COLDC=0.0
40 CONTINUE
Control of Skin Blood Flow (STRIC-vasoconstriction; DILAT-vasodilation)
STRIC = 0.5*COLDS
DILAT= 150.*WARMC
The coefficients 0.5 and 150, , which change during acclimatization, may vary
+ 50% without significantly changing resulting thermal equilibrium but they do
affect time to equilibrium.
SKBF = (6.3+DILAT)/(1.+STRIC})

Sweating is controlled both by the mean body temperature (Sacllen, 1966) and the
peripheral skin temperature (Nadel, Bullard and Stolwijk. 1971}
REGSW=250, *(ALPHA*SKSIG+(1.-ALPHA) *CRSIG)*EXP{SKSIG/10.7)
IF(REGSW) 45, 45, 50
45 REGSW=0
50 CONTINUE

The evaporative heat loss caused by sweating (ERSW)
ERSW = 0.68*REGSW

The Nishi Permeation Efficiency Factor (FPCL) for clothing
FPCL = 1./{1.+0.143*CHGC*CLO)

The Emax of the body skin surface

EMAX = 2.2*CHC*(SVP{TSK)-PPHG)*FPCL

8SVP Is a FUNCTION relating saturated vapor pressure to temperature T

Skin wettedness due to sweating (PRSW)
PRSW = ERSW/EMAX

Total skin wettedness (PWET)
PWET = 0.06+0, 34*PRSW

Skin diffusion (EDIF)
EDIF=PWET*MAX-ERSW



Temperature 145

Tota) evaporative heat loss (EV
EV=ERES+ERSW+LDIF
IF(PWET) 60, 60,65
65 EV=ERES+EMAX
ERSW=EMAX
EDIF=0.0
PRSW=1.0
Unevaporated sweat (DRIP) in g/(m?-hr)
DRIP=(ERSW-LMAX)/0. 68
60 CONTINUE
Change In skin blood flow affects ALPHA causing skin shell to become thicker
or thinner (Ashoff, 1956) R
Hyperbole used to fit (ALPHA, SKBI') at three points (0.05,60)(0.1,6. 3) and (0.4,1.0)
ALPHA=0,044240,3509/(SKBI'-0.01386)
Protection from cold by shivering (Stolwijk and Hardy, 1967)
RM=MR+19, 4*COLDS*COLDC
A time of exposure (TIMEL) of 0.25 hr or greater should be selected
Iteration now begins
IF(TIM~TIME)100,101,101
101 CONTINUE

After exposure (TIME), the following dependent variables have now been
evaluated by iteration: CHR, CTC, FCL, TSK, TCR, RLGSW, EMAX, LRSW, EDIF,
EV, DRIP, PRSW, PWET, ALPHA, and a new RM, if shivering has occurred.

Rate of body heat storage (STORE) in W/m? and rate of change.of mean body
temperature (RTBM) in OC/hr at end of exposure TIME are:
STORE = RM-CRES~-WK-EV-DRY
RTBM = STORE*1.8/(70.*0.97)

For any environment:

The resultant dry and humid heat transfer coefficients are
A=CTC*FCL
B=2,2*1.92*CHC*FPCL

The linear "dew” temperature is given by
TDEW=(25.3+FPPHG}/1.92

Operative Temperature (TO) is
TO=(CHR*TR+CHC*TA)/CTC

Humid Operative Temperature (TOH) at end of time (TIML) is
C=A+PWET*B
TOH=(A*TO+PWET*B*TDEW)/C

Calculation of new ASHRAL Effcctive Temperature (ET*)

ET=TOH

80 DEW35=(25.3+0,5*SVP(LT))/1.92
TOHS={A*ET+PWET*B*DEWS),/C
ERROR=TOH-TOHS
IF(ERROR)70,70,75

75 ET=ET+0.1
TO TO B0

70 CONTINUE

For the Sedentary Casc only, when RM=58.2 or 1 met:

The Standard Environment is defined by
CHCS8=2.9
CLOS=0.6
CHRS=CHR
CTCS=CHRS+CIICS
FPLS=1,/(1.+0.155*CTCS*CLOS)
FPCLS=1./(1.+0.143*CHCS+CLUS

The standard resulting dry and humid heat transfer coefficients are
AS=CTCS*ICLS
BS=2.2*1.92*CHCS*FPCLS

Standard Operative Temperature (STO)
STO=(A/AS)*TO+{1-A/ASI*TSK
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Standard Humid Operative Temperature (STOH)
CS--ASHPWET*BS
STOH -{C/CS)*TONH1{1-C/CS)*TSK

Calculation of Standard Effcctive Temperature (SET)

SET-STOH

90 TDLEWS5={25.3+0.5*SVP(SET)/1.92
STOHS5= (AS*SCT+PWET*BS*TDEWS) /CS
ERR=STOH-STOHS
1 (ERR)B0, 80,85

B5 SET=SET+0.1
GO TO 90

80 CONTINUL

Prediction of Warm discomfort DISC (positive)
DISC=4,7*PRSW

Prediction of Temperature sensation (TSENS) + warm, - cold
TSENS=0.245*%SET+0.033*%0., S*SVP(SET)-6.471

See ASHRAT Handbook of Fundamentals (1972) for sensory data.

Prediction of Cold DISCOMEPORT {negative)
A TABLE function is used to relate DISC to TSK:

TSK 28.0 28.5 29.0 ' 29.5 30. 30.5

DISC |-4.6 -4.1 -3.6 I -3.1 -2.6 -2.1

TSK 31.0 31.5 32.0 l 32.5 33.0 33.5 l 34.0

DISC | -1.68 -1.25 -O.QS—I -0.7 -0.5 -0.3 [ 0.0

The desired output statements now follow, END of Program.

The above program can be used with reasonable accuracy for exercise
and work. The Standard Conditions may be set at any other desired value.

For environments different from sea level, the Lewis factor [2.2] is replaced

by [2.2*760./BARO ) and the sca level value for GHG by [CHC*{BARO/760.)%*0,557,
wherever they occur in the program.

In a water environment CHR = 0, and CHC values in range 70 - 150
W/(mZ-OC) should bo used. Under these
conditions, the Lewis factor {2.2]1s set to zero as there is no evaporation,

In Fig. A-1, the model has been uuad to calculate loct of constant TSENS,
TSK, DISC, PWET in terms of a uniform TA and ambient vapor pressure in mm Hg.
They are drawn for a sedentary normally clothed subject,

In Fig. A-2, the model has been used to calculate lines of constant
physiological strain (SET*) for the same resting subject.

In Fig. A-3, the expected thermal responses of a sedentary sutject to
the new ET* or SET are indicated.
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Figure A-3. Human thermal responses to the new Effective Temperature ET or SET. SET
is the uniform ambient temperature at 50% relative humidity of an enclosure with air
movement 0.15 m/sec or 30 fpm in which a clothed subject (0.6 clo) would exchange the
same heat by radiation, convection, and evaporation as in the actual environment defined by
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CHAPTER 4
SUSTAINED LINEAR ACCELERATION

by

T. Morris Fraser, M.Sc., M.D.
University of Waterloo
Waterloo, Ontario, Canada

By definition, acceleration is a rate of change and can occur in any or all of
three related, but differing, maneuvers. Linear acceleration is the rate of change
of velocity of a mass, the direction of movement of which is kept constant.
Acceleration acting on a mass will produce a force exerting a pressure on the
mass and causing it to move if movable or to deform if not.

Angular acceleration is the rate of change of direction of a mass, the velocity
of which is kept constant. In this regard, the acceleration is directly proportional
to the square of the velocity and inversely proportional to the radius of the turn.
By common usage, where the axis of rotation is external to the body, as in an
aircraft turn or a centrifuge, the acceleration is frequently termed ‘“radial™
acceleration, while the term “angular” is retained for situations where the axis of
rotation passes through the body. Where the radius is long, the effects of radial
acceleration on man approximate those of linear acceleration.

In its third form, acceleration occurs as a component of the attraction
between masses. The resulting force is directly proportional to the product of
the masses and inversely proportional to the square of the distance between
them. The proportionality constant is the gravitational constant g which
represents an acceleration of 32.24 feet per second (fps) within the terrestrial
field of reference. This is the accepted unit of measurement of acceleration.

When a mass is acted upon by the acceleration of gravity, the resulting force,
acted vectorially, represents its weight. When the acceleration is other than
gravitational, it interacts with gravity, if present, to produce a resultant which
effectively increases the weight of the mass in the direction of the resultant. It is
this effective increase in weight which, in one form or another, is largely
responsible for the physiological and other changes found in the body exposed
to sustained acceleration,

Reviewed by Randall M. Chambers, Ph.D., NASA Langley Research Center
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In this regard, it must be remembered that the body is essentially a fluid
system and reacts accordingly. Pascal, in the 17th century, showed that in ideal
fluids at rest: (a) fluid pressure is equal in all directions, (b) pressures at points
lying in the same horizontal plane are equal, and (c) pressure increases with
depth under the free surface. This increase is equal to pgh dynes/cm2, where p is
the density of the fluid, g the gravitational constant, and h the depth. These laws
apply to the vascular system and, after a fashion, to the body as a whole.

The descriptive nomenclature for acceleration used herein is the system
defined in chapter 6, Impact.

Terminology for duration of acceleration depends on the fact that there is a
difference in body response to accelerations of duration below and above
approximately 0.2 second, related to the latent period for development of
hydrostatic effects. Thus, ebrupt acceleration is considered as ranging to
0.2 second, while sustained acceleration is prolonged beyond 0.2 second.

Subjective Effects of Sustained Acceleration

In the operational situation, it is unusual, if not impossible, for acceleration
stress to occur in a simple form. One is rarely, if ever, exposed to a simple
unvarying +G, stress. Instead, acceleration may vary in its resultant vector,
magnitude, and type, and may be accompanied by complex oscillations and
vibrations. For purposes of analysis, however, it is simpler to consider the
response to a continuous resultant vector without additional complexities. The
following compilation is derived from the study by Fraser (1966).

Positive Acceleration Effects (+G,)

1G,: Equivalent to the erect or seated terrestrial posture.

2G,: Increase in weight, increased pressure on buttocks,
drooping of face and soft body tissues.

21/26G,: Difficult to raise oneself.

3-46G,;: Impossible to raise oneself, difficult to raise arms and

legs, movement at right angles impossible; progressive
dimming of vision after 3 to 4 seconds, progressing
to tunneling of vision.

41/2-6G,: Diminution of vision, progressive to blackout after
about 5 seconds; hearing and then consciousness lost
if exposure continued; mild to severe convulsions in
about 50 percent of subjects during or following
unconsciousness, frequently with bizarre dreams;
occasionally paresthesias, confused states and, rarely,
gustatory sensations; no incontinence; pain not
common, but tension and congestion of lower limbs
with cramps and tingling; inspiration difficult; loss of
orientation for time and space up to 15 seconds
postacceleration.
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Negative Acceleration Effects (-G,)

Unpleasant but tolerable facial suffusion and con-
gestion,

Severe facial congestion, throbbing headache; pro-
gressive blurring, graying, or occasionally reddening
of vision after 5 seconds; congestion disappears
slowly, may leave petechial hemorrhages, edematous
eyelids.

Five seconds, limit of tolerance, rarely reached by
most subjects.

Forward Acceleration Effects (+G,)

Increased weight and abdominal pressure; progressive
slight difficulty in focusing and slight spatial dis-
orientation, each subsiding with experience; 2 Gy
tolerable at least to 24 hours, 4 G4 up to at least
60 minutes.

Progressive tightness in chest (6 Gy, 5 minutes),
chest pain, loss of peripheral vision, difficulty in
breathing and speaking, blurring of vision, effort
required to maintain focus.

Increased chest pain and pressure; breathing difficult,
with shallow respiration from position of nearly full
inspiration; further reduction in peripheral vision,
increased blurring, occasional tunneling, great con-
centration to maintain focus; occasional lacrimation;
body, legs, and arms cannot be lifted at 8 Gy; head
cannot be lifted at 9 Gy.

Breathing difficulty severe; increased chest pain;
marked fatigue; loss of peripheral vision, diminution
of central acuity, lacrimation.

Extreme difficulty in breathing and speaking; severe
vise-like chest pain; loss of tactile sensation; recurrent
complete loss of vision.

Backward Acceleration Effects (-G,)

Similar to those of +G, acceleration with modifications
produced by reversal of force vector. Chest pressure reversed,
hence breathing easier; pain and discomfort from outward
pressure toward restraint harness manifest at about 8 Gy; with
forward head tilt cerebral hemodynamic effects manifest akin to
-G,; distortion of vision at -6 to -8 Gy; feeling of insecurity
from pressure against restraint.

151
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Lateral Acceleration Effects (iC),)
(Little Information Available)

3G,: Discomfort after 10 seconds; pressure on restraint
system, feeling of supporting entire weight on
clavicle; inertial movement of hips and legs, yawing
and rotation of head toward shoulder; petechiae and
bruising; engorgement of dependent elbow with pain.

5Gy

(14.5 sec): External hemorrhage, severe postrun headache.

Table 4-1 shows the most common symptoms which occurred during +G,
and +Gy acceleration on the centrifuge of the U. S. Naval Air Development
Center, Johnsville, Pennsylvania, during the period 1961 through 1965.

Table 41
Human Response to +G, and +G

Accelerations on a Centrifuge

Vector Symptom Instances Runs
+Gz Grayout 351 2380
Blackout 167 2380
Motion sickness 40 2380
+Gx Chest pain 104 2557
Motion sickness 97 2557
Dyspnea 29 25567
Arrhythmia 29 2557
Miscellaneous Abdominal pain 17 cases
Headaches 15
Syncope 15
Limb myalgia 12
Paresthesia 7

{York et al., 1968)
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Physiological Effects of Sustained Acceleration

The fundamental stimulus influencing the physiological effects of sustained
acceleration arises from the effective increase in weight of the body, and particu-
larly its fluid components, along the acceleration vector. This is illustrated in
figure 4-1. The center sketch of the figure, illustrating the vascular effects at
+1 G,, indicates that with a mean arterial pressure of 120 mm Hg, the mean
pressures at head and foot levels are calculated to be 96 and 170 mm Hg,
respectively. At +5 G, while maintaining mean arterial pressure at heart level of
120 mm Hg, the theoretical pressure at the base of the brain will be zero, while at
the feet it will be 370 mm Hg. Under these circumstances, the subject would be
unconscious, and an additional venous pressure of 250 mm Hg would be required
to return blood from feet to heart. In fact, unconsciousness daes not necessarily
occurat +5 G, because of physiological compensatory adjustments.
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Figure 4—1. Hydrostatic pressures in vascular system of a man in upright sitting position
at 1 G and during headward acceleration at 5 G. (After Wood et al., 1963)

During +G, acccleration with rates of onset from 1 to 2 G/sec, and of
magnitude sufficient to produce loss of vision, there is an immediate decrease in
blood pressure at head level, an increase in heart rate, a decrease in blood volume at
the ear, and a decrease in the amplitude of the arterial pulse at ear level (Lindberg &
Wood, 1963). Recovery of blood pressure and ear pulse begins before the accelera-
tion episode is complete, indicating compensatory physiological adjustments. The
fall in blood pressure at head level is proportional to the magnitude of the
acceleration. Blood pressure at heart level, however, is maintained near normal and
in fact may actually increase during exposures to the level of +5 G,. These
effects are illustrated in figure 4-2. Some of the general cardiovascular responses
are tabulated in table 4-2.

487-858 O - 73 - 11
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Figure 4—2. Sequence of physiological events during exposure of normal subject to
positive acceleration at +4.5 G; for 15sec. Note initial period of progressive failure:
there are, in order of occurrence, decrease in blood pressure at head level, increase in
heart rate, los of blood volume in the ear, and failure of peripheral vision. This is
followed by a period of compensation despite continuance of exposure. (After
Lindberg & Wood, 1963; reprinted by permission of Academic Press, Inc. Copyright
1963 by Academic Press, Inc.)

o

Table 4—2

Cardiovascular Responses to +G, Acceleration

Percentage Increase (+) or Decrease (—)

CV Response

— +2G, +3G, +4 G,
Cardiac output -7 ~18 —-22
Stroke volume —24 -37 —49
Heart rate +14 +35 +56
Mean aortic pressure + 9 +21 +27
Systemic vascular resistance +17 ++41 +59

(Wood et al., 1961)

In the -G, vector, the direction of the increased hydrostatic pressure is
reversed. With the onset of acceleration, the arterial and venous pressure rise

some 70 to 90 mm Hg as measured in the carotid artery and jugular vein
(Gamble et al., 1949).
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Gauer and Henry (1964), describing work carried out between 1947 and
1949, showed that the venous pressure developed under -G, acceleration, as
measured in the supraorbital vein, depended on the degree of tilt of the
head because of the geometrical relations of the vertical axes of the head
and the eyes. Figurc 4-3 ilustrates the resulting effects at -2 G, during
rotation from the full prone to the full supine position,
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Figure 4—3. Venous pressures during exposure to -G, acceleration in different positions
of body tilt. Light line and O =data obtained normally; heavy line = theoretically
calculated pressures; broken lines = pressures obtained when rotating subject with
tourniquets about legs to prevent reflux of blood. Venous pressure was measured in
forehead vein. (After Gauer & Henry, 1964)

Change in heart rate has been inconsistent in different studies. Browne
and Fitzsimmons (1957), in an ECG study of 53 subjects with
366 exposures in the range of +3 to +5 G, for 15 seconds duration, found
a progressive increase in pulse rate with increase in acceleration level.

Electrocardiographic changes under sustained acceleration are largely
nonspecific and chiefly manifest as alterations in the electrical axis, along with
some S-T segment and T-wave changes. Arrhythmias are not uncommon and
occur under all vectors.

Retinal and Visual Response

Vision is markedly affected by alteration in hydrostatic pressure, The
symptoms, namely, grayout or loss of peripheral vision and blackout or total loss
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of vision, manifest themselves at levels below those producing unconsciousness,
since intraocular pressure is some 20 mm Hg higher than intracerebral pressure.
Consequently, blood supply to the retina fails before failure of cerebral
circulation (Andina, 1937).

Visual effects occur in all vectors but, because of the vertical position, are
more common in the G, vectors. Because of the forward position of the eye
with respect to the midline, the force experienced at the eye is not the same as
that applied to the midline.

Duane (1954) obtained illustrations of the retina during +G, accelerations to
blackout level. A correlation between visual change and change in the fundus
oculi was established, as indicated in table 4-3.

Table 4-3
Correlation Between Changes in Vision and Fundus Oculi Changes

Stage Subjective Response Objective Response

) L.oss of peripheral vision Arteriolar puisation —i.e., recurrent ex-
sanguination

1] Blackout Arteriolar exsanguination and collapse

(13} Return of central peripheral vision Return of arteriolar pulsation and tempo-
rary venous distension

{Duane, 1954)

Newsom and his colleagues (1968) conducted retinal photography and
fluorescence angiography during 10-second plateaus of blackout from +G,
acceleration in human subjects. Some of the findings are shown in figure 4-4.

On exposure to -G, acceleration, local hydrostatic pressure is increased at
the eyeball and gives rise to pain and a feeling of fullness. The occurrence of
“red-out,” or reddening of the visual fields has been reported experimentally in
centrifuge work (Ryan et al., 1950), but it is doubtful if it occurs consistently or
operationally. It has been suggested that red-out is a distortion of vision caused
by obstruction from the conjunctiva of the lower lid.

Visual Thresholds. The general range of visual threshold in relation to
unconsciousness is shown in table 4-4. There would appear to be a change in
the absolute threshold of vision under acceleration, that is, the minimum light
intensity at which a stimulus can be perceived. White (1960) showed that for a
given stimulus intensity to be perceived as of equal intensity with a probability
of 50 percent under increased acceleration, the actual intensity had to be
increased according to the ratios shown in table 4-5. Foveal and peripheral
thresholds as a function of acceleration are illustrated in figures 4-5 and 4-6.
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Figure 4—4. Serial photographs of fundus of right eye in a human subject during
blackout. Read from left, up, right, and down. (After Leverett, 1968, from work of

Newson et al,, 1968)

Table 44

Range of Visual Thresholds

in Relation to Unconsciousness

Mean
Criterion Threshold
(G)
Loss of peripheral vision 4.1
Blackout 4.7
Unconsciousness 5.4

(After Cochran et al., 1954)

Standard
Deviation
(G)

t0.7
08
09

Range
(G)
22-71
27-78
30-84

The effect of acceleration on brightness discrimination is shown in
figure 4-7. The minimal detectable difference in intensity between a test patch
and its lighted surround has long served as a test of visual sensitivity. The
threshold difference has been found to be a function of basic energy level as well
as contrast between the patch and its reference illumination. Thus, the greater
the background intensity, the smaller the ratio between the patch and the
background required for detection. The data compiled in the graphs in
figure 4-7 ilustrate an interaction between acceleration and the minimal
discernible differential intensity (al). The stimulus display used to collect the



158 Bioastronautics Data Book

data consisted of a background subtending 8°4" visual angle positioned
28 inches from the eye and viewed monocularly through a circular aperture
17.5 inches from the eye. The test patch, projected upon the background,
subtended a 1°28’ visual angle (Braunstein & White, 1962).

Table 4—5

Increase in Visual Stimulus Intensity* Required to Perceive a Stimulus
as Equalling that at +1 G, (P = 50%)

Required Increase in Stimulus intensity

Acceleration (+G,)

Fovea Periphery
1 1 1
2 - 1.5
3
4 3.4 4

*Expressed as a ratio of that at +1 G,
(Data of White, 1960}
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Figure 4—5. Threshold of foveal vision under +1 to +4G, acceleration.
( After White, 1960)
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Figure 4-6. Threshold of peripheral vision under +] to +4 G acceleration.
(After White, 1960)
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The effects of oxygen on brightness discrimination are illustrated in
figure 4-8, from work by Chambers and Kerr (1962).
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Figure 4-8. Brightness discrimination with different breathing gasses
at different acceleration levels. (After Chambers & Kerr, 1962)

Visual Distortion. In the -Gy vector, distortion becomes marked at -6 to
8 Gx. Smedal and his colleagues (1963) showed that this was not due to
corneal distortion in the bulging eye but was associated with intermittent
watering occurring at about the -6 G, level.

Visual Fields. Limitation in the visual field under acceleration exposure is, of
course, related to the occurrence of grayout. At about +4.5 G,, the field is
narrowed to an arc of less than 46°. Figure 4.9 indicates the effect of the retinal
position of a signal on the acceleration response. In the study which the figure
illustrates, 115 subjects were exposed to +G, acceleration with a light array
above. Almost invariably, subjects lost the 80° light before loss of the
23° light. In 30 subjects, the 80° light loss occurred at a mean of 4.2 G,,
standard deviation 20.7 G. In the same subjects, the 23° light loss occurred at a
mean of 4.5 G,, standard deviation 10.8 G. Central light loss occurred at
5.3 G,, standard deviation 0.8 G.
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CENTER
pres LIGHT 230

80°
LIGHT
Comparison of 80° Light Loss, 23° Light Loss, and 0° Light Loss
Symptoms
Clear 80° LL 23° LL CLL
Mean (G, level) 3.8 4.2 4.5 5.3
Range (Gz level) 23 -5.1 27-57 29-6.4 36-7.0
Standard deviation 0.7 0.7 0.8 0.8
Duration of symptom-
mean (sec) 5.4 5.1 6.8
Duration of symptom-
range (sec) 19-17.0 1.9-119 2.1 -234

Figure 4—9. Effect of retinal position of a signal on the perception
of light signals under aceeleration. (From Zariello et al., 1958)

Pupillary Reactions. Pupillary dilation begins with loss of peripheral vision
(Beckman et al., 1961). Accommodation is unaffected by acceleration (Smedal

et al., 1963).

Unconsciousness and Cerebral Function

Loss of consciousness and complete impairment of cerebral function occur
between +3 G, and +8 G, the specific level depending chiefly on biological
factors and duration and rate of onset. Figures 4-10 and 4-11 indicate the range
of responses found. In the other vectors, the subject normally reaches a
tolerance threshold of another sort before unconsciousness occurs. On return to
consciousness, there is usually a short (5 to 15 second) period of confusion

(Franks et al., 1945).

Convulsions with characteristic EEG changes are a common accompaniment
of unconsciousness, having been found in 52 percent of 230 subjects (Franks
et al., 1945). Sem-Jacobsen (1959, 1960) has recorded and photographed them
in pilots in flight. Brent and coworkers (1960) have found that certain
combinations of hyperventilation, hypoglycemia, and +G, acceleration will
produce convulsions in all subjects.
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Figure 4—11. Time to unconsciousness as a function of varying rates
of positive acceleration (G,) onset, G amplitudes, and exposure times, (After Stoll, 1956)

Pulmonary Response

A naturally occurring pressure gradient exists even at 1 G between the apex
and the base of the lung in the vertical subject and between the front and the
back of the lung in the supine subject (Glaister, 1967; Wood, 1967; Rutishauser
et al., 1967, and others). With increase in acceleration, there is an increase in
perfusion of the pulmonary vessels in the dependent portions of the lung and a
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decrease in the upper zone (Bryan & MacNamara, 1964, and other workers).
Figure 4-12 shows the relationships at +3 G4, while figure 4-13 shows the
relationships at 0, +1, and +3 Gy. Individual relationships are shown in
figure 4-14.

distance up lung A P tiow
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Figure 4-12. Theoretical pressure-flow relationships in vertical lung at +3 Gz; Pa,
mean pulmonary arterial pressure; Py mean pulmonary venous pressure. Hydrostatic
indifference plane is taken to be 5cm below the lung hilum; arteriovenous pressure
difference is assumed to remain constant at 10 cm water. (After Glaister, 1967;
reprinted by permission of the Controller of Her Britannic Majesty’s Stationery Office)
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Figure 4—14. Effects of forward (+Gy) acceleration on intrathoracic pressures
(dorsal-ventral dimension of lung is 20 cm). Numerals indicate pressures as cm HoO,
and zero reference level is atmospheric pressure at midthoracic coronal plane. (After
Wood et al., 1963)

Lung Volumes and Mechanics of Breathing. Respiratory rate increases
almost linearly with acceleration. Minute volume increases initially, but
levels off at about +8 Gy, when acceleration is applied in that vector. Tidal
volume, although increasing initially up to about +5 G,, or +8 G,
decreases with still greater acceleration. Positive pressure breathing
(30 cm H20) diminishes the changes in lung volumes resulting from
acceleration, and, in particular, allows a relative increase in ventilation of
the lower lung. This effect, however, is abolished by the increase in
abdominal pressure induced by wearing an inflated G-suit (Glaister, 1965),
as shown in table 4-6. Glaister (1961) also showed that there was no
change in lung stiffness or air resistance, at least up to +3 G,. This was
confirmed up to +4 Gy by Watson and his colleagues (1960), who further
demonstrated an increase in the resting relaxation pressure amounting to

5 mm Hg/G as illustrated in figure 4-15.

The oxygen cost of acceleration in the G, vector was examined by
Zechman and coworkers (1960) and by Glaister (1963). These investigators
confirmed, with experiments at +2 to +3 G, for 1/2 to 5 minutes, that at
the lower levels of acceleration oxygen uptake does not increase during the
exposure, and may even fall, although an oxygen debt is built up. This debt
is, however, repaid on return to 1 G. These findings are summarized in
table 4-7 and figure 4-16.

Arterial  Oxygen Saturation. The effect of the changed ventila-
tion/perfusion relationships is to produce a progressive decrease in arterial
oxygenation with increase in acceleration. Figure 4-17, from the work of
Wood et al. (1963), shows the average and range of changes in arterial
oxygen saturation in four healthy men exposed to +G, acceleration, as
indicated, breathing air.

Alexander and his colleagues (1965) measured arterial oxygen saturation
in a group of 25 pilots breathing air while exposed to +G, accelerations
representative of Apollo operations. The results are illustrated in figure 4-18.
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Figure 4—15. Static relaxation pressure-volume curves during control (+G4) and +2, +3,
and +4 Gy acceleration. All lung volumes were obtained at 1 G. (After Watson et al.,
1960)

Figure 4-19 illustrates a similar experiment with subjects breathing 100
percent oxygen at 5 psi. It will be noted the rate of desaturation is slower and
the rate of recovery is even more so.

Arterial desaturation is also evident on exposure to acceleration in the -Gy
vector, although the severity is perhaps not so great. Figure 4-20, from the work
of Smedal et al. (1963), indicates the results,

In the +G4 vector, the effects of arterial desaturation are overshadowed by
other more dramatic responses, but Barr (1962) demonstrated its occurrence and
further showed that the rate and degree of desaturation were increased by
repeated exposures. Arterial desaturation has also been observed with accelera-
tion in the -G, vector (Gauer & Henry, 1964).

The “altitude equivalent,” representing the extent of hypoxia commensurate
with the intensity of +G accelerations, is shown in figure 4-21.

Renal Output

Reduction of urine secretion under applied +G, acceleration, followed by an
increased outflow on cessation of acceleration has been demonstrated in human
subjects by Stauffer and Errobo-Knudsen (1953), with results shown in figure
4-22.
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Figure 4—16. Effect of positive acceleration at +3 G, for 3 min on pulmonary
ventilation (VE), respiratory rate (f), and tidal volume (VT), at left; on O2 uptake
(V()2), COq excretion(VCOz), and respiratory gas exchange ratio (R), at right. Period of
acceleration is shaded. Horizontal lines give mean values for seven runs on five
subjects, barred vertical lines indicate ¥SD deviation of mean. (After Glaister, 1963;
reprinted by permission of the Controller of Her Britannic Majesty’s Stationery Office)
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Figure 4—22. Urine output before and after acceleration.
(After Stauffer & Errobo-Knudsen, 1953)

The underlying mechanism has been postulated as involving an increase in
secretion of antidiuretic hormone (ADH) as a result of stimulation of fluid
volume receptors, or from change in glomerular filtration rate arising from
hemodynamic effects on the renal artery. Increase in ADH levels has been noted
in human subjects at +2 G, acceleration for 30 minutes (Rogge et al., 1967).

Mechanical Impedance and Natural Frequency

The fundamental resonant frequency of the human body sitting erect under
normal gravitational conditions is approximately 5 Hz (Coermann, 1963). A
sustained +G, acceleration stiffens the seated human body in the direction of
the spine and increases the fundamental natural frequency to 7 Hz at +2 G, and
8 Hz at +3 G,. During +3 G, acceleration, at vibrational frequencies up to about
5 Hz, the body tends to respond as though it were a pure mass. The transmission
factor decreases under +G, acceleration, especially at the 5 Hz resonance, but
increases considerably above 6 Hz. The damping coefficient of the erect sitting
human remains unchanged at about 0.575 during +G, acceleration. Some of the
foregoing factors are illustrated in figure 4-23 from the work of Vogt et al,
1968.

Tolerance to Sustained Acceleration

Tolerance may be defined as the limit of man’s capacity to endure the
physical and emotional discomfort of a stressful environment. The limit may be
difficult to define with certainty, and, in fact, may commonly be an arbitrary
cutoff point imposed from without, rather than a subjective endurance



172 Bioastronautics Data Book

?3 7o L0 aa“éb
T ot

E 60f JUPEN RS0
t /1 \ k°‘
2 50 //' \ «\03
£ /7 e
§ 40} /, \._,.._/_u._ 3__:_./
o~ N
w 3.0l / b d
O V7~
Z 20 . a
3
& 1.0
2 (A TS TN R NS NN NN SN NS SRS NN SN S S

0 1 2 34 5 6 7 8 9 10111213 141516

FREQUENCY (Hz)

Figure 4—23. Mechanical impedance of sitting human body, under (a) normal gravity,
(b) +2 G5, (c) +3G5, and compared with (d) mechanical impedance of simple
mass-spring-damper system with f, =8 Hz, m=65000 dyne see2/em, and & = 0.575.
(After Vogt et al.,, 1968)

threshold. In +G, acceleration, the occurrence of grayout, blackout, or
unconsciousness can be used as a standard. In £G acceleration, dyspnea, pain,
and discomfort tend to be self-limiting features not amenable to quantification.

Human Acceleration Experience

Figure 4-24 is a compilation by Fraser (1966) from numerous sources, of
various human experiences in sustained acceleration. The curves are an
estimation of the maximum voluntary tolerance of healthy, well-motivated men
but must be considered maximum levels and not operational levels. Higher levels
than those indicated in figure 4-24 have been tolerated but not in the form of an
acceleration plateau, for example, +20 G4 for a few seconds in the form of a
haversine peak (Collins et al., 1958) and +25 Gy for several seconds (Collins &
Gray, 1959).

Figure 4-25 compares average G tolerance for several axes (Chambers, 1963).

As contrasted with the average tolerance illustrated in the previous two
figures, figure 4-26 demonstrates the upper limits of voluntary tolerance of a
group of highly motivated test pilots, preconditioned to the effects of
acceleration and suitably restrained.

Rate of Onset

Figure 4-27 illustrates the effect of different rates of onset on the response
of 15 subjects to +G, acceleration (Stoll, 1956). From these data, a monogram
was developed (figure 4-28) which, although empirical, indicates the expected
duration before grayout at a given plateau and rate of onset.
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Posture and Position

Figure 4-29 (Bondurant et al., 1958a) illustrates the effect on tolerance of
various positions in the +Gy vector, while figure 4-30 specifies the advantages
and disadvantages of a variety of positions. The ideal position for forward (+Gy)
acceleration is considered to be in a seated posture, forward facing, with the
trunk inclined forward 20° from the vertical, hips flexed to bring the knees to
eye level, and lower legs extended (position B, figure 4-30).

Very Prolonged Acceleration

Exposure to levels of +3 Gy and +4 Gy has been withstood for durations up
to 1 hour (Bondurant et al., 1958a; Miller et al., 1959) but there are few
instances on record. Clark (1960) describes a 24-hour exposure to +2 Gy in a
reclining seat. It was characterized by rotational illusions and discomfort. Ross
and his colleagues (1963) report a study of 4 hours’ duration.

Restraint and Protection

Standard aircraft harnesses provide no protection against sustained
acceleration except to maintain the subject in general position. The development
and usefulness of anti-G devices and clothing is summarized in table 4-8 from the
work of Nicholson and Franks (1966).
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Figure 4-29. Effect of body position and posture on tolerance to acceleration.
(After Bondurant et al., 1958a)
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To counter +G acceleration, custom-molded contour couches have been
developed and utilized in space flight to provide a body posture with inclination
of the head, trunk, thighs, and legs that combines optimum tolerance with useful
performance (Clark et al., 1959).

For the -G vector, the “Ames system” is available which incorporates a
posterior molded couch with frontal and head support (Vykukal et al., 1962).
Seats with raschel nylon net as the primary support surfaces have been
developed. These provide good support up to +16.5 Gy but demonstrate an
undesirable rebound under severe vibration and impact acceleration (Peterson,

1964).

The possibilities of partial or total water immersion as a protective aid have
been explored with some success (Wood et al., 1946; Gray & Webb, 1960, 1961)
with exposures to +31 G, for 5 seconds. Figure 4-31 shows the protection given
against the effects of transverse acceleration (Gy) when the subject is immersed
in water. Curves are also shown for subjects protected by optimal support and
positioning.

Performance Under Sustained Acceleration

Vision

Some of the basic visual responses have already been examined. This section
is concerned more with the ability to perform specific activities.

Visual Reaction Time. The majority of workers have found a prolongation in
simple reaction time on exposure to severe but tolerable acceleration (Canfield
et al., 1949; Brown & Burke, 1957; Frankenhaeuser, 1958; Chambers &
Hitchcock, 1963). A typical response time to red signal lights is shown in
figure 4-32 (Kaehler & Meehan, 1960). The two curves show mean response
times (the time from appearance of a red signal light to the movement of the
subject’s hand from his lap) for five male college students, 20 to 25 years old,
exposed to transverse accelerations. The solid line in the figure shows the
combined response times for both right and left hand operation in more than
900 (+G) exposures up to +8 Gx. The dashed line shows the combined response
times for both right and left hand operation in more than 500 (-Gy)
exposures up to -4 Gy. The times required to reach and operate a horizontal
lever, a toggle switch, and a pushbutton were longer as the accelerations
increased, and variable times were recorded for left and right hand operation.
Still longer times were needed for adjusting a rotating knob and a vertical “trim™
wheel.

Reading Tasks. In a study by Warwick and Lund (1946), 24 percent of dial
readings were erroneous at +3 G, as compared with 18 percent at 1 1/2G, and 0
percent at 1 G. The response under acceleration varies with luminance, as
previously noted. This variation in response is reflected in dial reading, as shown

in figure 4-33 (White & Riley, 1958).
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Figure 4-31. Protection against transverse(+G ) acceleration afforded
by water imersion, net support, and contour couch. (Bondurant et al., 1958b)
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Figure 4—32. Visual reaction time to red signal lights for subjects
exposed to +Gy acceleration. (After Kaehler & Meehan, 1960)
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Body Motion

Gross body motion is progressively impaired with increasing acceleration as

indicated below (Code et al., 1945).

+2 Gyt Walking and movement along a ladder against
acceleration very difficult.

+3Gy: Walking, crawling, and movement along a ladder
against acceleration impossible; unaided escape from
vehicle impossible; parachute donning time increased

from 17 to 75 seconds.

+4 Gy Movement at right angles to acceleration vector
impossible.
+3 Gy Difficult to hold feet forward on rudder pedals.

+6 to +7G,: Extremely difficult to reach face curtain ejection seat
firing mechanisms (Christie, 1961).

+8 Gy : Arms, legs, and body cannot be lifted.

19 Gy: Unsupported head cannot be lifted although use of
counterweighted headgear permits motion up to
+12 Gy.

+25 Gy: Hand and wrist movement still possible (Collins et al.,

1958).
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Control and Tracking

Control maneuvers involving gross motions of limbs are not practicable
above 3 to 4G, and become impossible, as noted above, as acceleration
increases. Movement of hand controls is impaired relatively little, however, at
high accelerations. The general characteristics of side-arm controllers and the
general response to tracking task are shown in figures 4-34 through 4-42.

Higher Mental Function

Relatively little information is available on higher mental function. Increased
time is required to complete multiplication tests at +3 G, for 2 to 10 minutes as
compared with performance without imposed acceleration (Frankenhaeuser,
1958). A decrement in color-naming has been observed during 1-minute trials at
+3 Gy, although no decrement was noted in arithmetic ability, number ranking,
and word separation tests in the same series (Wilson et al., 1951). According to
Chambers (1963), repetitive memorization of a portion of a sequence of random
numbers was satisfactorily undertaken at +5 G but the subjects involved stated
that the concentration required at +5 Gy was much greater than at 1G.
Chambers also found in the same series of experiments that immediate memory
was unaffected to +5 G4 but impaired at +7 G, and above.

PITCH
AXIS ROLL
AXIS
2-AXIS, FINGER TiP 2-AX|S, HAND
CONTROLLER CONTROLLER

AXI(S

3-AXIS, BALANCED 3AXIS, UNBALANCED
CONTROLLER CONTROLLER

Figure 4-34. Four types of right hand, side-arm controllers. Under acceleration each
responds differently. Pilot performance is influenced by both acceleration and type of
control stick. (Chambers & Hitchcock, 1963)



Sustained Linear Acceleration 183

10
a 3-axis, type |
60 1 a 3-axis, type tl
+ 2-axis, type 111
% © 2-axis, type 1V
50 o 2-axis, type V
z a *
S ° o
o
s o
> a
g 30|
w
%
[ o
g
=
5 a
; 10+
<«
w
=
(1}
.10._
-20 1 ﬁ —
0a. 6a, -2a.
la, Qa, +a,

ACCELERATION FIELD

Figure 4—35. Mean pilot efficiency scores using various side-arm controllers
in different acceleration fields. (After Chambers, 1961)

2r _
?
3k - e o
2 &
4 | &
g 5 oo+ - 8
-
[+]
FM I i
[
S .
s I a - a 3-axis, type |
4 3-axis, type |1
st a |+ 2-axis, type (11
& © 2-axis, type V
9 - —
10 L i j 1 1 J
0a, 6a, -2a, 02, 6a, -2a,
la, 0Os, +a, la, 0On, 42,

ACCELERATION FIELD

Figure 4—36. Mean pilot ratings of vehicle controllability
with different side-arm controllers. (After Chambers, 1961)
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Figure 4—37. Roll error scores for pilots performing tracking task in
differing acceleration fields, using differing controllers. (After Chambers, 1961)
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Figure 4—41. Effect of high sustained +G, and G, acceleration
on root-mean-square tracking error. (After Creer, 1966)
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Clarke et al., 1959)
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CHAPTER 5
ROTARY ACCELERATION

by

T. Morris Fraser, M. Sc., M.D.
University of Waterloo
Waterloo, Ontario, Canada

Rotary acceleration is defined as the acceleration which exists during angular
motion when the axis of motion passes through some part of the body.
Consequently, it is a manifestation of angular acceleration, and is always present
during steady state spinning or tumbling, even when the angular velocity is
constant. The problems related to the acceleration environment of rotating
chambers, rooms, tables, and short radius centrifuges in which the axis of
rotation is not through the body are not considered here. These are discussed in
chapter 12, The Vestibular System.

Rotary acceleration was first noted to be a problem in the tumbling and
spinning that occurred during the deployment of early aircraft ejection seats,
particularly during ejection at relatively high speeds. In the ejection situation,
the problem is more than that of simple tumbling or spinning, since the motion
may occur within a decelerative G-field, which, for short durations, may reach a
peak or plateau of as much as 50 G. In a space vehicle, or during extravehicular
activity, in the null gravity state, problems can arise from simple tumbling or
spinning, following imparted motion by, for example, failure of a reaction
control system, such as in Gemini 8 where severe tumbling was experienced.

While a specific terminology for rotary acceleration has been suggested
(Pesman, 1968), it is more common to use the G terminology defined in
chapter 6, Impact, along with specification of the axis of rotation, where x refers
to rolling, y to pitching, and z to yawing or spinning, The term tumbling is
often used in place of pitching and rolling.

Subjective Reactions and Tolerance

Subjective reactions to rotary acceleration vary with the frequency, axis, and
duration of rotation. Individual variability in response is marked. Vertigo, as

Reviewed by Randall M, Chambers, Ph.D., NASA Langley Research Center.
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manifest subjectively by dizziness, sometimes nausea, and occasionally vomiting,
is a common feature of the initial and terminal phases of acceleration to and
deceleration from constant angular velocity, but normally ceases after the
motion has reached constant velocity, provided head movement is limited. In
some individuals, it recurs during prolonged exposure. Vertigo and its associated
phenomena are considered in chapter 12.

Tolerance

From the few reports available, tolerance to rotary acceleration does not
seem to be a rectilinear function of rotation rate. Most subjects, without prior
experience, can tolerate rotation rates up to 6 rpm in any axis or combination of
axes. Most subjects cannot initially tolerate rotation rates in the region of 12 to
30 rpm and rapidly become sick and disoriented above 6 rpm unless carefully
prepared by a graduated program of exposure (Fletcher, 1968). On the other
hand, rotation rates of 60 rpm for up to 3 or 4 minutes around the y-axis (pitch)
and around the z-axis (spin) have been described by subjects as being not only
tolerable but pleasant (Weiss et al., 1954; Urschell & Hood, 1966). Intolerability
becomes manifest again at about 80 rpm in the pitch mode and at about 90 to
100 rpm in the spin mode, although McCabe (1960) relates that one of the lce
Capades skating stars spins around the z-axis for 12 seconds at 420 rpm without
manifest discomfort. In the pitch axis, with the center of rotation at the heart
level, symptoms of negative acceleration (-G,) are demonstrated at about 80 rpm
and are tolerable for only a few seconds. Some effects of positive acceleration
(+G;), namely numbness and pressure in the legs, are also observed but develop
slowly, with pain being evident at about 90 rpm. No confusion or loss of
consciousness is found, but in some subjects disorientation, headache, nausea, or
mental depression are noted for several minutes after a few minutes of exposure
(Weiss et al., 1954). With rotation in the spin mode, when the head and trunk
are inclined forward out of the z-axis, rotation becomes close to limiting at
60 rpm for 4 minutes, although some motivated subjects have endured 90 rpm in
the same mode (Courts, 1966). Except for unduly susceptible subjects, tolerance
tends to improve with exposure. Long duration runs in the pitch mode have
been endured for up to about 60 minutes at 6 rpm in selected subjects (Fletcher,

1968).

The center of rotation within the body determines, to a considerable extent,
the nature of the resulting effects, as will be examined in connection with the
discussion of physiological mechanisms. Figure 5-1 illustrates the general human
tolerance to tumbling in the pitch plane with centers of rotation at the heart
level and at the level of the iliac crest. On the basis of extrapolated data from
dogs, Weiss and coworkers (1954) calculate that unconsciousness from
circulatory effects alone would occur in man after 3 to 10 seconds at 160 rpm
with the center of rotation at the heart and at 180 rpm with the center of
rotation at the iliac crest.

Tolerance to tumbling in the presence of a superimposed G field is shown in
figure 5-2.
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Figure 5—1. Suggested human tolerance to rotation around pitch axis with no super-
imposed deceleration field (a) with center of rotation at the heart; (b) with center of
rotation at the iliac crest. (After Weiss et a., 1954)
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Tolerance to G, 100 percent gradient spin is very closely related to tolerance
to rotary acceleration, in that in the former the axis of rotation is tangent to the
crown of the head. Figures 5-3 and 54 illustrate human tolerance to this form of

rotary

acceleration.
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Figure 5-3. Mean tolerance to 100% +G; gradient spin for seven unirained subjects
rotating around x-axis with center of rotation tangential to the head. The two isolated
points represent tolerance times of a subject who utilized physiological countermeasures to
increase his tolerance. His values are not included in the means. (After Piemme et al., 1966)
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Figure 5—4. Semilogarithmic plot of mean tolerance time vs acceleration at the feet during
exposure to +G; 100% spin around the x-axis with center of rotation tangential to the head.
(After Piemme et al., 1966)



Rotary Acceleration 195

Pain and discomfort are not features of slow rotation but begin to be
manifest al about 80 rpm in the pitch and roll axes, largely because of fluid
swelling of tissues from the imposed +G fields (Weiss et al., 1954). Even in the
z-axis al these rotation rates, discomfort can be severe in the seated posture
because of the hydrostatic gradient that develops along the forearms and
thighs (Urschell & Hood, 1966).

Perception

The threshold of perception, or awareness, for rotary acceleration is in
fact a measure of vestibular sensitivity, but warrants brief consideration
here. Using a one-degreeof freedom simulator that could produce angular
accelerations within narrow limits of error, Clark and Steward (1969)
examined perception thresholds in the yaw axis in the erect seated position
at the center of rotation with head fixed. Figure 5-5 shows the distribution
of thresholds in 53 normal male subjects under these conditions.

Table 5-1, from a review by Clark (1967), details the findings of
25 studies on perceplion of angular acceleration in man. Clark points out
that in evaluating the findings in the table, one must bear in mind the
miscellany of definitions of threshold, the vanation in rotation devices, and
psychophysical methods. In general, the results indicate an extreme
sensitivity to angular acceleration with perception thresholds varying from
0.035°/sec2 to 8.2°/sec2.

The relationship between a rotational input and a subjective or objective
(for example, nystagmus) output may be so tenuous that time must elapse
before the threshold of response is reached. Figure 5-6 indicates the latency
time for perception of angular acceleration about the yaw axis, as also do

figures 5-7 and 5-8.
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Figure 5-5. Distribution of thresholds for perception of angular acceleration
for 53 normal men. (After Clark & Stewart, 1969)
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Figure 5-7. Perception of angular acceleration: Time required to judge direction of
rotation about yaw axis as a function of angular acceleration. Solid points indicate time to
make judgments that are correct 75% of the time; open points = time to make judgments,
correct or incorrect. (After Chambers (1964), adapted from others)
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Performance During Rotary Acceleration

Relatively few studies have been conducted to determine performance
ability during rotary acceleration, that is, with the axis of rotation passing
through the body, although numerous investigations have been conducted in
rotating rooms and short radius centrifuges. Much of the work on performance
has been done in connection with investigation of the vestibular system and is
presented in that chapter.

Visual Acuity

During natural turning movements, vestibular and visual sensory inflow act
sy nergistically to maintain clear vision. Guedry (1968) measured visual acuity
during rotary acceleration around the z-axis in seated subjects, with particular
reference to the presence and intensity of concurrent nystagmus. The results are
shown in figure 5-9. Rate of recovery of visual acuity is related to the magnitude
of the preceding stimulus, the stronger stimuli requiring longer recovery times.
In further testing, subjects were decelerated from an angular velocity of
-180°/sec through 0 to +180°/sec at rates of 10°, 15°, or 30°/sec2 for 18, 12,
or 6 seconds, respectively, and visual acuity examined throughout the process.
Results are shown in figure 5-10, which indicates the buildup of nystagmus and
loss of visual detail during each of the three stimuli, as well as the decline of
nystagmus and restoration of visual detail following each stimulus. Considerable
individual difference was found among the 18 subjects, as indicated in
figure 5-11.

100[ .

[4=]
(=)
¥

80} NYSTAGMUS
VELOCITY
IN DARK

70+

NYSTAGMUS SLOW PHASE VELOCITY {Y/sec)

s . MEAN VISUAL ACUITY CURVES
* SCALE CHANGE 10%/sec? 15%5ec? 30%:5ac? . &‘
i . x :
10r N , e 1038
' el s > ';
,,/,/////xf MEAN NYSTAGMUS = Z T
5- %x ~ % CURVEs 5 8E
P - i h\\\\ - ‘\“\‘ 30°/s6c? E ﬁ
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: -—I = . 1501;-:2 . 8 g
0{ . e e TR 1D sec _ *J
" 1 2 3 4 5 6 7 8 9 10 11 0=«
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Figure 5-9. Decline of nystagmus and recovery of visual acuity following 10, 15, and
30%/sec2 stimuli. Values are measures of means taken in initial acceleration and final
deceleration of each trial. (After Guedry, 1968)
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Figure 5-10. Loss of recovery of visual acuity during and after nystagmus from stimuli of
different magnitudes. Blank areas were inserted in 15%/sec2 and 30°/sec? results to
compensate for differences in duration of stimuli and to aid in visual comparison of results.
Dots are nystagmus; solid lines are visual measures; arrow marks end of stimulus. (After

Guedry, 1968)
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Figure 5—11. Number of subjects seeing each set of visual targets during each second of
three different intensities of acceleration stimulus (10, 15, and 30°/se02) from -180°/sec
through zero to +180°/sec. (After Guedry, 1968)
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Operational Tasks

Using the Rotational Flight Simulator (RFS) of the U. S. Air Force School
of Aerospace Medicine, an air-bearing vehicle capable of simulating various
rotational profiles, Lim and Fletcher (cited in Rothe et al., 1967) investigated
the time required for subjects to restore the simulator to a preset position by
means of a joystick after exposure to various rotations. The profiles used were a
“slow random” rotation of 4 2 rpm and a “fast random” rotation of 12 #4 rpm
for periods of 2, 4, 8, 16, and 30 minutes. Representative results from one
subject are shown in figure 5-12. Data from three subjects indicate they had
different abilities in righting the RFS, that fast improvement occurred with
practice, and that righting time was increased with duration of tumbling and

increase of “randomness.”
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Figure 5—12. Performance of control task during slow and fast random rotation; (A) time
required in successive trials to bring back RFS to upright position from initial position;
(B) righting time plotted as a function of duration of random tumbling at a slow rate;
(C) righting time pilotted as a function of duration of random tumbling at a fast rate. (After
Lim & Fletcher, cited in Rothe et al., 1967)
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It may be that a rotation rate of 6 to 12 rpm is more demanding than
some higher rotations, since much higher rotations have been endured with
relatively little performance decrement. Using the NASA Multi-axis Test
Facility, Useller and Algranti (1963) investigated the ability of pilots to
determine and apply corrective torques induced at rates up to 70rpm.
Performance error was determined as a percentage of the total time during
which incorrect torque was applied. Error ranged from 6.5 percent to
18 percent, depending on the individual, and was independent of the rate of
rotation.

In another form of operational performance task, Weiss and his
colleagues (1954) examined the ability of subjects to release a lapbelt (5-1b
spring tension) and pull a ripcord (20b spring tension) while being exposed
to rotations around the y-axis (pitch) of up to 100 rpm with the center of
rotation at the heart level, and up to 75 rpm with the center at the iliac
crest, or hip. Results are shown in table 5-2. A slight increase in reaction
time is observed during the constant speed portion of the run and during
the “deceleration” phase. The effect of the deceleration phase is
accentuated by requiring the subject to reach out and actuate a toggle
switch before releasing the lapbelt. Results of this added test are shown in
table 5-3.

Numerical Processing and Coding

Using a sophisticated All-Altitude Air-Bearing Research and Training
Simulator (ARTS), Fletcher (1968) examined numerical processing
performance during rotations of 3 to 24rpm in eight individual axes. Tests
involved simple arithmetic tasks conducted in four modes: auditory (with
verbal response), visual (with remote control of presentation by subject),
manipulatory (with digital manipulation of cards by subject), and “flying”
(with digital manipulation of cards and instructions to look up and focus
on a distant object as though flying, between each numerical task). Task
response was measured as time to completion. Table 5-4 indicates overall results
of the procedure. Table 5-5 indicates the rank order of speed of performance in
the four modes at 3 rpm in the pitch axis, and the rank order of all tasks in eight
rotational modes at 3 rpm.

The improved performance at higher rotation rates is shown by the work of
Weiss and coworkers (1954) who used coded lights, coded sounds, and verbally
presented arithmetic problems as measures of performance. Results of tests
during rotation in the pitch axis at about 100 rpm with center of rotation at
heart level or 75 rpm at the level of the iliac crest showed “virtually no errors
attributable to spinning, and no increase in the time required to answer., Answers
to simple arithmetic problems were invariably correct and no subjective
confusion was reported.”

Physiological Effects of Rotary Acceleration

The primary factor involved in the production of physiological change
during rotary acceleration, as with other forms of sustained acceleration, is
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the development of a hydrostatic pressure head along the vector of
acceleration (see chapter 4, Sustained Linear Acceleration). In rotary
acceleration, however, with the axis of rotation passing through the body,
two opposite vectors exist at the same time, their intensities being
dependent on the site of the axis. In addition, rotation has a highly
characteristic effect on the vestibular system (see chapter 12),

Table 5-2

Bioastronautics Data Book

Time Required for Release of Lapbelt and Parachute Ripcord
During Various Phases of Rotation Around the Pitch Axis at 100 rpm

Time from Switch to Lapbelt Release (sec)

Subject Before Spin Durirgpisr:eady DerE:lljc:ir:sion After Spin
R.L. 1.68 1.80 1.40 1.10
H.S. 1.04 _ 1.20 1.40
R.E. 1.32 1.10 —_— e
H.N., 1.06 1.21 0.87 1.27
R.M. 1.18 1.07 1.27 1.17
J.R. 1.16 0.84 1.37 1.72
E.S. 1.15 1.12 1.08 1.00
J.S. 1.31 1.25 1.87 1.70
H.S. 1.35 1.66 1.63 1.05

AVERAGE 1.2¢ 1.25 1.33 1.30

Time from Lapbelt to Ripcord Pull (sec)

R.L. 1.16 1.65 1.40 1.10
H.S. 1.09 1.30 1.40 1.30
R.E. 1.30 0.97 _— o
H.N, 1.29 1.36 1.41 1.659
R.M. 1.17 1.13 1.73 1.50
J.R. 1.05 1.43 1.19 1.01
E.S. 1.10 0.95 0.80 1.21
J.S. 0.80 1.00 1.32 1.23
H.S. 1.26 1.45 1.30 1.22

AVERAGE 1.14 1.25 1.32 1.27

(After Weiss et al., 1954)

Cardiovascular—Theoretical Considerations

As noted above, the site of the center of rotation is critical in determining
physiological effects. A centrifugal force directed away from the heart produces
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Table 5-3

Time (sec) Required to Actuate a Switch at Arm’s Length
in Front of Chest During Various Phases of Rotation at 100 rpm
Around the Pitch Axis

Subject Before Spin Durigsiiteady De(?e‘:;:"a‘?ion After Spin
R.L. 0.75 0.80 1.80 0.90
H.S. 1.04 Missed 1.70 1.70
R.E, 0.69 1.29 —_ —_
H.N. 0.73 0.52 1.27 0.79
R.M. 0.63 0.60 —_ 0.60
J.R. 0.76 1.72 1.80 1.07
E.S. 0.7 0.88 1.73 0.93
H.S. 1.18 0.90 1.66 0.80

AVERAGE 0.81 0.96 1.66 0.97
{Discounting
miss)
{After Weiss et al., 1954)
Table 5—4

Performance of Visual, Auditory, and Manipulatory Tasks

During Rotation Around Various Axes

Number of subjects: 17
Number of test runs: 78
Modes tested:  Pitch
Pitch forward
Roli
Yaw
Pitch + rol!
Roll + yaw
Pitch + yaw
Pitch + roll + yaw
Random

Range: 3 —24 rpm

Typical results: A 21% performance decrement in four men exposed to
6-rpm rotation in random axes while performing visual,
auditory, and manipulating tasks

{After Fletcher, 1968}



208 Bioastronautics Data Book

an increment of pressure in both the venous and arterial sides of the circulatory
system. Flow would continue unabated were it not for the highly distensible
venous bed. When pooling in this bed is sufficient, the return of blood to the heart
will be inadequate and cardiac output will fall. If this fall produces a pressure drop
in the cerebral circulation greater than the increase in hydrostatic pressure occa-
sioned by the rotation, cerebral hypoxia will ensue. When the center of rotation is
moved towards the feet, the hydrostatic column to the foot is shortened and a
lesser degree of pooling can be cxpected. Conversely, of course, the negative accel-
eration (-G;) effects on the cerebral circulation can be expected to increase. Move-
ment of the center of rotation toward the head will increase the positive accelera-
tion (+G;) effects. Thus, final effects are governed by both the rate of rotation and
the position of the center of rotation (Edelberg et al., 1954).

Figure 5-13 is a model of hydrostatic pressure variation secondary to rotation
in the pitch axis perpendicular to the Earth’s gravitational field for a man 67 inches
tall. The point of hydrostatic indifference is considered here to be at the level of the
diaphragm,

Table 5-5

Performance Decrement in Four Simple
Numeric Processing Tasks

Rank order for four tasks at 3 rpm (pitch)

Auditory input
Simulated visual flying task
Visual input

QwnN=

Simulated manipulation flying task

NOTES: Largest increase in time taken (auditory): 3.9 sec
Smallest increase in time taken (manipulation): 2.5 sec
Optimum time for test (0 rpm): 20.6 sec
Change: 12% to 19%

Rank order of eight rotational modes at 3 rpm (all tasks)

. Random

. Roil + yaw

Pitch

Roll + pitch

Yaw

Roll

Roll + pitch + yaw

T I

Pitch + yaw

NOTES: Largest increase in time taken (random): 4.3 sec
Smallest increase in time taken {pitch and yaw): 2.6 sec
Optimum time for test (0 rpm): 20.6 sec
Change: 12% to 21%

{After Fletcher, 1968)
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3Bcm—al x 980 x 35
- 3430 dyne/cm?
= 26 mmHg

91 cm —u 1 x 980 x 91
= 8900 dyne/cm
= 67 mmMg

2
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f

PRESSURE VARIATION IN HEAD

PART OF BODY
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{MVP + 2) — 26 SINWT
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Figure 5—13. Simplified model of hydrostatic pressure variation secondary to rotation in
pitch axis. In A, B, E, and F are indicated expected mean arterial pressures (A and E) and
venous pressures (B and F) in the neck, diaphragm, and feet levels when subject is at 90°
and 270° positions. C and D illustrate calculation of hydrostatic pressure components from
anatomical considerations and their sinusoidal variations. In G is shown expected
hydrostatic pressure variation in head and feet. Circled sine wave refers to body position
where maximum point corresponds to the head-up position and minimum point to
head-down position. Maximum hydrostatic pressure at foot area lags head-up position by
angle Osincesubject is in sitting position. MAP = mean arterial pressure; MVP = mean
venous pressure; 5 and 2 are hypothetical pressure drops along arterial and venous vessels,
respectively. (After Lim & Fletcher; cited in Rothe et al., 1967)
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Cardiovascular Response to Rapid (70 to > 100 rpm) Rotation

Figures 5-14 and 5-15 illustrate some of the cardiovascular findings in human
subjects rotated around the z-axis (yaw) with the center of rotation at the heart or
the hips. The electrocardiogram (ECG) exhibits changes in the QRS and T vectors,
which are probably the result of anatomical motion of the heart within the chest, as
well as transient extrasystoles (abnormal beats). Some of these results are delin-
eated in table 5-6. Table 5-7, from the work of Urschell and Hood (1966), shows
further aspects of change in blood pressure and heart rate,
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Figure 5—14. Effect on human heart rate, respiration rate, pulse pressure, blood pressure of
spinning around z-axis at 106 rpm with center of rotation at the heart. (After Weiss et al.
1954)
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Figure 5-15. Mean arterial blood pressures at eye level, carotid sinus, and aortic arch
during rotation around z-axis at 106 rpm with center of rotation at the heart (upper figure);
and at 72 rpm with center of rotation at the iliac crest (lower figure). (After Weiss et al.,
1954)
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Table 5—6
ECG Changes Associated with Rotation Around the Pitch Axis

211

Center of Rotation at Heart (96 —118 rpm)

Average Starting Average Change
ECG Component Sl:;.ec;:s Values and SE | from Star‘tmg Values and SE
Before Tumbling D:gg‘_ggg'?;’r':;g After Tumbling
Heart rate (bpm) 12 830 *42 100 f27** [-260 t28**
P—Rinterval (sec) 12 0.18+0.011 |- 0.01 £0.006 0.01 £0.005*
Q—Tinterval (sec)| 12 0.40 £0.007 0.03£0.007** |- 0.04 £0.006**
QRS—T angle
{degrees) 12 141 *306 |- 46 1318 1.8 t1.49
Center of Rotation at lliac Crest (75 — 93 rpm)
Heart rate {bpm) 7 89.0 56 —22.0 3.1+ 80 %39
P—R interval {sec) 7 0.17 £0.012 0.0 0005 |- 0.0t +0.005
Q-T interval (sec) 7 0.41 20017 |- 0.08£0.012** |- 0.03%0.016
QRS—T angle
{degrees) 7 221 8.96 6.0 *267 - 27 %242

*Significant at the 0.05 level.
**Significant at the 0.01 level.
(After Weiss et al., 1954)

Cardiovascular Response to Slow (1 to 15 rpm) Rotation

Lim and Fletcher (cited in Rothe et al., 1967) examined the heart rate
response to relatively slow rotation with the center of rotation at heart level.
They recognized three different types of response in 82 exposures studied. Type 1
response, where the heart rate from cycle to cycle shows a minimum of scatter, is
illustrated in figure 5-16. Superimposed is a sine wave representing the subject
body position, 90° being head-up and 270° head-down. It will be noted that heart
rate “tracks” the body position curve with increase in the head-up position and
decrease in the head-down position. Type I response was observed in all but the
very slow and very fast rates of rotation.The maximum heart rate, however, lags the
900 position, and the lag increases as the rotation rate increases. Type Il response,
with more scatter evident, is found at very low rates (1 to 2 rpm), and is shown in
figure 5-17. Type 1l response, in which little orno correlation is observed between
heart rate and body position, is found in those situations where the half cycle
period of the rotational rate approaches the maximum heart period. The response
is illustrated in figure 5-18. Lim and Fletcher suggest that the type 11 response
may be due to the prolonged time constant of the parasy mpathetic response as
compared with the sympathetic, such that the heart is still under vagal control
when the subject comes up to and passes through the head-up position.
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Table 57

Heart Rate and Blood Pressure Changes at End of Constant Velocity Phase
of Exposure (3 min) to Rotation (120 rpm) in the Roll Axis

Slow Onset
uvpe | pue | Sricle | Dmone | e | e
Tu +40 +13 +18 +13 -5
+74 —-20 + 6 -8 -26
B +66 —34 —-16 -18 —-18
Ta +67 —45 —-20 —24 ~15
Te +70 —565 -4 22 -51
Means | +6316 -28t12 -3%7 -12%7 —23%8
p < 0.001 p < 0.0%
Fast Onset
Subject Pulse Systotic Diastolic Mean Pulse
Pressure Pressure Pressure Pressure
Tu +62 -21 -2 - 6 -19
H +61 —54 —24 -30 -30
B +30 -30 +1 -12 ~30
Ta +74 —43 —16 -23 —27
Te +76 —-35 +1 -6 -36
Means | +61%8 -37%s5 -81s5 -1518§ -28 3
p < 0.005 p < 0.005 p < 0.01 p < 0.001

{After Urschell & Hood, 1966)

The cardiac rate tracking phenomenon no doubt reflects carotid sinus
stimulus, with phase lags related to complex interrelationships of blood
vessel wall impedance, blood fluid inertia, and reflex vasomotor, responses.
Blood pressure readings taken immediately before and after various runs of
3 minute duration on the roll and pitch axes are presented in table 5-8. No
trend can be observed at the rates recorded in either systolic or diastolic
levels.

For slow rotation, just as for fast rotation, changes occur in the form
of the ECG as the axis of rotation changes (Rothe et al., 1967). The
variation is different from one subject to another, but reproducible for the
same subject. The changes are more pronounced in random axis rotation
than in pure axis rotation. No irregularities or arrhythmias have been
observed during slow rotation.
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HEART RATE
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Figure 5-16. Type I heart rate response to rotation (6 rpm in pitch axis) in axis
perpendicular to Earth’s g field plotted as a function of body position. (After Lim &

Fletcher, cited in Rothe et al., 1968)
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Figure 5—17. Type I heart rate response to slow (1.5 rpm in pitch axis) rotation in axis
perpendicular to Earth’s g field plotted as a function of body position. ( After Lim &

Fletcher, cited in Rothe et al., 1968)

Cardiovascular Response to G, 100 Percent Gradient Spin

While the distribution of vascular pressures is somewhat different during

100 percent gradient G; spin

as compared with rotary acceleration, it is

markedly different from that found in long radius sustained acceleration, and is
illustrated in figure 5-19. In high gradient spin, pressures in the head and neck
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are little altered from normal while in low gradient configurations, central
nervous system blood flow is maintained against a large head of pressure. The
limitation to CNS blood flow in high gradient spin is not insufficient perfusion
pressure but lowered cardiac output occasioned by insufficient venous return,
although the impedance to venous return is, in fact, less in high gradient spin
than in long arm configuration (Piemme et al., 1966).
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Figure 5-18. Type III heart rate response to fast pitch rotation at 15 rpm; (A) heart rate
response of 6 cycles averaged at each body position, (B) cycle to cycle heart rate variation.
(After Lim & Fletcher, cited in Rothe et al., 1968)

Mean pulse rates for subjects undergoing 100 percent gradient Gz spin are
presented in figure 5-20. At lower G levels, some increase in pulse rate is found
with onset of acceleration but this rapidly subsides to control levels. At higher G
levels, rates increase progressively to termination of the experiment. No
arrhythmias or other cardiac irregularities have been observed (Piemme et al.,

1966).

Other Physiological Findings

Apart from investigations of the cardiovascular and vestibular parameters
noted above and in the chapter concerning the vestibular system (chapter 12),
very little attention has been paid to other physiological effects of rotary
acceleration. During high speed rotation in dogs, Edelberg and coworkers (1954)
noted that at rates above 140 rpm with the center of rotation at the heart level,
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respiration is inhibited. He attributes the apnea to pull on lung stretch receptors.
When the center of rotation is moved tailward, however, respiration is maintained.
In humans rotating at 106 rpm, respiration is stil maintained, according to Weiss
and coworkers (1954). Fletcher (1968) also notes that respiration, which tends to
be rapid and shallow at 30 rpm, slows and becomes deeper at lower rotation rates.
The subject in pitch rotation may, in fact, breathe synchronously with the inver-
sion cycle.

Table 5-8
Blood Pressure Values Before and After Rotation in the Roll Axis

RPM* B8P
Subject .
2 4 6 8 10 12 14 16 Reading

Pre- | 130 126 125 | 106 120 - 125 | 1156 S**

o, Lrun 80 70 75 70 75 - 70 75 D**
" (Post-| 126 120 106 | 130 108 - 115 - S
run 80 75 70 80 70 - 75 - D
Pre- | 1256 135 1256 | 125 - 110 115 | 110 [
£ Lrun 80 75 75 75 - 80 75 70 D
(Post-] — 1256 125 | 120 — 110 115 | 125 S
run - 80 75 70 — 70 75 80 D
Pre- | 110 115 105 | 110 120 | 120 - - S
AR Lrun 70 70 75 60 75 75 — — D
T (Post-| 115 130 1156 | 110 120 120 — — [
run 70 70 70 70 75 70 - - D
Pre- | 130 130 130 - 135 | 130 - 140 S
A, Lrun 85 75 70 - 80 80 - 70 D
" (Post-| 130 135 140 | 130 130 135 - 140 S
run 70 65 70 75 70 70 - 80 D
Pre- | 115 110 110 | 110 126 | 130 135 - S
TS run 65 65 80 70 80 - 70 — D
" (Post-] 115 115 110 | 120 118 130 135 - S
run 75 75 65 75 70 80 80 - D
Pre- | 110 - 120 | 125 126 | 105 - - S
R.p.lrun 70 - 75 75 75 75 — - D
“(Post-| 130 125 125 | 110 105 120 — - S
run 80 80 70 75 75 80 - - D
Pre- - 136 126 | 130 - 126 - — S
s run - 65 80 70 — 70 - — D
“(Post-| — 125 125 | 135 125 125 — — S
run - 75 75 70 70 70 — - D

*Revolutions per minute are midpoint rotational rate of class intervals .
**g _ systolic; U — diastolic.
(Rothe, et al., 1967)
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Figure 5-19. Physical pressures (mm Hg) in absence of compensatory vascular reflexes at
each level of the body in high gradient vs low gradient acceleration. At the feet, in each of
the two figures to the right, a 5 G pressure exists. The difference in pressures against which
the heart must perfuse the central nervous system in each case amounts to little if any more
than normal physiologic pressures in high gradient acceleration, as opposed to 100 or more
mm Hg in the low gradient profile. (After Piemme et al., 1966)
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Figure 5-20. Pulse rates of seven subjects as a function of duration of exposure to +G,
100% spin around the x-axis with center of rotation tangential to the head. Time zero
identifies onset of 3 min plateau of constant angular velocity. Each point represents mean
for all subject veins at each level. (After Piemme et al., 1966)
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Pathological Effects of Rotary Acceleration

The pathological effects of rotary acceleration, that is, those resulting in injury,
have been studied to a very slight extent in animals and observed occasionally in
man. Table 5-9 presents a summary of postmortem findings in dogs after 1 minute
exposures at 195 rpm in the pitch axis. In addition, frequent nasal, oral, and con-
junctival hemorrhage have been observed in dogs, occasionally associated with
rectal bleeding (Edelberg et al., 1954). Extrapolation of animal findings to man
must always be done with caution, but it is reasonable to assume that similar effects

might be expected.

Table 59

Summary of Results of Postmortem Examination of Eleven Dogs
after Rotation Around the Pitch Axis at 195 rpm (one to five runs,

1 min each)
Organ Description Positive Cases Negative Cases
Brain Macroscopic cerebral hemorrhage 4 7
Microscopic cerebral hemorrhage 5 6
Hyperemic 6 5
Heart Subendocardial hemorrhage 2 9
L ung Atelectasis 4 7
Hyperemia or edema 8 ]
Hemorrhage 2 9
Viscera Hyperemia 7 4
Rectal hemorrhage 1 10

{After Edelberg et al., 1954)

Humans have not been exposed to the same intensity of exposure, but
conjunctival petechiae (pinpoint bleeding into the white of the eye) have
been found along with petechiae on the top of the foot. Figure 5-21
illustrates the occurrence of conjunctival hemorrhage at various rotation
rates (Weiss et al., 1954). Urschell and Hood (1966) note that all their
subjects, spun around the z-axis, developed petechiae on the hands and feet
during their rotation at 120 rpm. One experimental subject, following a
4 minute exposure to 60 rpm, developed convulsions 3 hours later. These
were attributed to a blood clot in the brain (cerebral embolus), although no
other neurological findings were demonstrated (Urschell & Hood, 1966). The
incident, although isolated, appears nevertheless to be significant.

487-858 O - 73 - 15
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Figure 5-21. Incidence of conjunctival hemorrhage during rotation at various rates

around pitch axis. Note that time in ordinate refers to duration of exposure, (After
Weiss et al., 1954)
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CHAPTER 6
IMPACT

by

Richard G. Snyder, Ph.D.
University of Michigan

The limiting factor of all methods of emergency escape and crash survival
protection is the tolerance of the occupants to accelerative forces. Abrupt
acceleration, deceleration, or impact is characterized by forces of very abrupt
onset, short duration, and high magnitude. It is generally considered that impact
involves the occurrence of forces of less than 0.2-second duration (Stapp,
1961b). Some abrupt impact conditions to which aerospace or aircrews may be
exposed include astronaut predift-off tower escape, lift-off abort, ¢jection seat
or modular capsule firings, launch vehicle staging, escape device parachute
deployment, flight instability, clear air turbulence, aircraft or aerospace vehicle
crash landing, and capsule water or land touchdowns. In situations such as
saw-toothed accelerations produced by successive rockets firing in multistage
propulsion systems, in extreme turbulence, or in many crash landings where
multiple contacts are made with trees or other objects, the occupants will be
exposed to a series of separate impacts, The tolerances of the human component
of the abruptly decelerated system are related to the elastic and tensile limits of
the tissues involved, as well as to profound physiologic, psychologic, and
metabolic effects.

Our current state of knowledge concerning human impact tolerances is very
incomplete. While most human volunteer studies have been conducted on young
healthy male subjects under rigidly controlled conditions with careful medical
monitoring, they have been voluntarily terminated at levels below that of
irreversible injury. No experimental impact data are available for females,
children, or other segments of the population, and, due to the range of human
variability, data derived from volunteer male subjects must be used with caution
in other applications.

Animals have been used extensively to obtain physiological data at impact
levels above those potentially injurious to the human volunteer. Cadavers offer a

Reviewed by Randall M, Chambers, Ph.D., NASA Langley Research Center
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means of determining structural limits of tissues, but cannot provide the
physiological information which must be obtained on living systems.
Accidental free-falls have provided still another means of determining human
tolerances to extreme impacts beyond those to which human volunteers
may be subjected in the laboratory. Other estimates of impact tolerance are
obtained from clinical studies of impact trauma and from reconstruction of
automotive, aircraft, or space vehicle accidents. While both mathematical
modeling and anthropomorphic dummies are used extensively as tools to
provide predictions, particularly of body kinematics and force-mass
relationships within the body during impact, such simulations can be no
more accurate than the very limited biological input information available.

Determination of human tolerances to impact is complicated by many
other physical factors influencing the outcome, including tightness and
configuration of restraint and support (seat); body orientation; equipment
such as helmets or parachute chestpacks, which can alter the force
distribution on the body; and the magnitude, direction, distribution,
duration and pulse shape of the force resulting from the impact. In
addition, biological factors including sex, age, and physical and mental
condition have been identified as influencing survival. Individual variability
must be considered, for tolerance under identical test conditions will vary in
the same individual as well as from person to person. Furthermore, while
congiderable data are available concerning impact forces in some body
orientations, such as in forward or aft-facing positions, less is known of the
effects in other orientations, such as in lateral impact. Limited experimental
studies of exposure to simultaneous forces or to off-center forces have been
conducted. Such conditions also greatly influence tolerance.

It is not possible to state precisely what human tolerance to impact
forces is without defining the specific conditions involved. It is the intent
of this chapter to present a summary of the known data concerning human
tolerance to impact.

Terms and Definitions

The biophysical terminology employed in the field of impact is generally
consistent with terms used in the field of sustained acceleration. Some
specialized meanings and distinctions have, however, developed. Most work
is identified by descriptive terminology, such as forward, rearward or aft,
headward, footward, or right or left lateral accelerations. Physiologically, the
subject’s orientation can be described in relation to the force, and, since
1961, terms using the x, y, z axis (table 6-1) have been recommended
by the Biodynamics Committee of the Aerospace Medical Panel, AGARD, as
the standard description for simple uniaxial accelerations (Gell, 1961). The
physiological standard (System 4 in the table) is recommended as the
universal system. Air Force or Navy investigators may use the vernacular
description relating “eyeballs” movement in inertial response to the applied
acceleration.
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Impact

Table 61

SYSTEM 2

Negative G

™' Positive G

SYSTEM 3

SYSTEM 4

LINEAR MOTION

TABLE A

Direction of Acceleration

Aircraft Computer
Standard (Sys. 1)

Acceleration
Descriptive
(Sys. 2)

Forward
Backward
Upward
Downward
To Right

To Left

+ax

Forward accel.

Backward accel.
Headward accel.
Footward accel.
R. Laterat accel.

L. Lateral accel.

TABLE B

Inertial Resultant of Body Acceleration

LINEAR MOTION

PBZ:::'IOI{'::I Physiologicat Vernacular
P Standard (Sys. 4) Descriptive
(Sys. 3)
Forward {1, 2} Transverse -Gy Eyeballs In
P—A G Prone G
Back to chest G
Backward Transverse A—P G +Gy Eyeballs Qut
Supine G
Chest to Back G
Upward Positive G +G, Eyeballs Down
Downward Negative G -G, Eyebalis Up
To Right Left Lateral G + GV Eyebalis Left
To Left Right Lateral G -G Eyeballs Right
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Since body orientations and resultant inertial responses in off-axis impacts
may involve complex multiaxial accelerations, a three-dimensional description is
often used and expressed in terms of degrees of roll, pitch, and yaw relative to
horizontal flight on a polar coordinate system. In the neutral position
of 0-0-0 the crewman is seated upright facing toward the point of impact
(figure 6-1). In the 0-5-180 orentation, a crewman would be seated upright, five
degrees back from perpendicular with the back facing the point of impact.
Inertail forces in this orientation are directed from anterior to posterior
(Hanson, 1965). Similarly, 0-55-90 orientation would indicate a +Gy (eyeballs
left) impact, 55 degrees back from the perpendicular, and 0-0-270 would
correspond to a -Gy (eyeballs right) impact.

+x

-~z

Figure 6-1. Coordinates for describing location of subject within an impact environment,
(Modified from Coburn, 1970; Gell, 1961; revised 1966b by AGARD Biodynamics Panel).

Historically, confusion of terminology has existed between researchers in the
fields of impact and sustained acceleration. Early impact experimentation was
accomplished on deceleration test devices, where the direction of force acting on
the test subject is opposite to that which occurs in acceleration, even though the
direction of motion is the same. Thus a test described as “forward facing
impact” (deceleration) is equivalent to backward acceleration.

Understandably, despite efforts toward standardization, some confusion still
exists. One reason for this is the limitation of the term “G” to the inertial
reaction of the subject. This poses no problem to the investigator working in
steady state acceleration, since the transient response is of minor consequence
with most devices capable of producing sustained acceleration. For the
investigator concerned with impact, the transient response is of major
importance since most end points are established by a transient peak. Because of
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the time-varying nature of the transient response, the inertial reaction is
continually changing. Moreover, due to the complicated reactions of the
biological system, the inertial reaction varies throughout the body during the
impact. Thus the specification of a single “inertial response’ magnitude as a
descriptor of the experiment would be of little value to the researcher in impact
tolerance. Some researchers have recognized this limitation but have used the
“G” magnitude to indicate the input peak rather than the response. This is
advantageous for purposes of experimental control and permits relatively casy
measurement with generally available equipment.

Acceleration

Acceleration is defined as the time rate of change of velocity. Since velocity
is a vector, acceleration occurs when either the magnitude (speed) or the
direction of motion of a body changes. Most impact test devices use a track and
dled system, operating either vertically (FAA, NASA, and 6570 AMRL drop
towers, or the 6571 ARL HYGE) or horizontally (such as the USAF “Bopper”
or “Daisy”). The test pulse is provided either initially, as the sled accelerates to
speed, or terminally as the sled is slowed or stopped from a given speed. Impact
pulses may be of a variety of waveforms, either as selected by the researcher or
limited by the capability of the test device. Figure 6-2 shows an example of a
rectangular profile, with a relatively long plateau or “dwell” time. Rise time
depends upon how rapidly peak acceleration is reached. The term rate of onset
(T) is frequently used synonymously. Jolt describes the rate of change of
acceleration (displacement with respect to time), and has been found to be a
strong limiting factor in tolerance. A variety of controlled pulse shapes are
shown by Chandler (1967). Difficulty is often encountered in describing
concisely a complex impact pulse shape, and a number of techniques have been
adopted to provide consistent descriptors (the most recent, Mil - S - 9479A,
16 June 1967).

The “G™ System of Units

Few units of measurement have been more misused and misunderstood than
the unit “G.” In the strictest sense, it is merely a dimensional representation of
the magnitude of acceleration, expressed as a ratio of the magnitude of the
measured acceleration to the magnitude of the “‘standard” acceleration of
gravity, G = 1g1/14,1. Since acceleration is a vector quantity, having properties
of both magnitude and direction, the capital letter G is used to denote that only
magnitudes are being compared, so that the direction of the acceleration of
interest does not necessarily coincide with the direction of the acceleration of
gravity. The signs and subscripts of the standard terminology, previously
discussed, are an attempt to restore directionality to the G nomenclature.

Consideration of Newton’s second law, stated in simplified form as F = ma,
with weight defined as mass times “standard gravity” (W = mgo), can lead to the
conclusion that G is also equivalent to the ratio of the force (required to
accelerate the mass m at an acceleration level a ) to the weight (under standard
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gravitational conditions). This relationship would be stated: G = F/W. Thus G is
often thought of as having both force and acceleration significance.

PEAK (G}

——PLATEAU——

|
|
|
| |
| I
! I
1 I
|
| |
| |

‘ |
TOTAL DURATION OF IMPACT

MAGNITUDE (G}

‘ ~ |
| _— ~ 4
lounation OF PLATEAU al

A
- -0
e ~

N

+——— DECAY TIME ———

}

! |
v y
|

| |
{ |

+——RISE TIME————

TIME {msec)

Figure 6—2. Example of rectangular-shaped impulse deceleration profile.
(Adapted from Stapp, 1961)

The quantity G is dimensionless, being the ratio of two accelerations or of
two forces. However, by definition it is capable of telling how much force is
acting and what acceleration is taking place in a given dynamic situation. Thus, if
it can be stated that a body is experiencing a certain amount of G, the total
amount of force can be determined in ordinary units if the given value of G is
multiplied by the standard weight Wo of the body, or F =G Wo. Simi-
larly, G defines magnitude of acceleration, a = Ggo. Although dimension-
less, G possesses the same property of direction as do the force and acceleration
which it connotes. Thus, it is possible to construct G vector diagrams in place of
force or acceleration diagrams when analyzing dynamic problems. G is usually
thought of.in respect to its “force” aspect (Dixon and Patterson, 1953).

The symbol ghas been widely abused in aerospace medical literature.
Although g has been rigidly established by physicists as a symbol (go) for a
specific physical quantity (32.2 ft/sec2), the acceleration of gravity, it is often
indiscriminately used in place of G in the literature. In contrast to sustained
acceleration, in impact a whole body can only be said to experience a
certain G when that G refers to the whole body input, not response. On impact,
each element of the body experiences a different G load, depending upon its
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elastic, viscous, and/or plastic relation to the rest of the body, to the parameters
of the impact pulse, to the support/restraint system, to the general structural
characteristics of the test vehicle, and many other factors. Realistically,
six degrees of freedom for motion of each element would have to be measured
to accurately assess the force imparted. Although accelerometers have been
available for at least five decades, the measurement of force and force
distribution during impact has not yet been accomplished. To convert an
acceleration measurement to a force measurement, one must know the mass
upon which the acceleration is acting (F = ma). Due to the distributed mass and
undefined interconnections of tissues encountered in the human body, the
effective mass for the acceleration measured is not known. Therefore,
investigators cannot yet speak of inertial force based upon body acceleration
measurements without making crude guesses.

Interpreting the Data

There are other considerations which pose major problems to the impact
engineer. The calibration, placement and attachment of transducers can cause
artifacts in the data. Head or chest accelerometers, unless firmly attached or
implanted in bone, are subject to distortion of the supporting strap or
intervening tissue and result in higher acceleration readings than actually occur
(Ewing, 1969). G forces may be recorded on a sled in one study and in various
locations on the body in another, yet reported without distinction.

To accurately specify acceleration it would be necessary to utilize
three linear accelerometers and three angular accelerometers at the same point,
or provide some other means of obtaining these data. Also, acceleration
measurements change from point to point on any distributed body element
unless it is rigid and moving in only one linear direction without rotation. Thus,
one acceleration measure, even if properly made, is not representative of the
acceleration distribution over the body (Chandler, 1970). For example, in lateral
run No. 2530 programmed for 10sled G on the Holloman Bopper, peak
sled G was 8.48, peak G on subject’s chest was 14.47, and head G was recorded
as 22.04 (Zaborowski, 1966).

Finally, results are subject to various interpretations depending upon system
or computational parameters which may go unreported. For example, while
most test results are presented in terms of peak G, some are given as
plateau G or average G. Some investigators “round-off” or “average” multiple
peaks while others report the peaks. Frequency response and damping
characteristics may differ. All of these factors should temper interpretation of
reported tolerance limits.

Human Tolerance Limits

Tolerances have been variously defined, and different researchers have
established different end points as criteria. Bierman (1947) defined tolerance as
“that value of impact or load which produces a painful reaction;” Stapp used a
variety of criteria ultimately defining tolerance as the limit beyond which either
the subject or the experimenter fears to go lest there be serious injury. Injury has
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been termed “reversible” or “irreversible” depending upon whether or not the
individual can recover. Aerospace and aviation medical research in impact has
been concerned primarily with whole body response to impact forces. Most
human tolerance limit data developed to date are based upon the seated, young
male subject utilizing maximum body support. In the majority of tests body
orientation is in relation to the four main body axes: forward (-Gy), rearward
(+Gy), headward (+G,), and footward (-G;) acting forces. Only one series of
right lateral (+Gy) tests with human subjects has been conducted (Brown, et al.,
1966). Test results can be affected by body position, restraints, instructions
given the subject prior to testing (e.g., relax or tense muscles during the test), the
subject’s task, etc.

In figure 6-3 data from a number of sources have been combined to illustrate
impact experience documented to date. It should be noted that numerous
biophysical factors influence survival, and the “approximate survival limit”
shown is only an estimate.
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known, thus deceleration distance is not always known. (Modified from Webb, 1964, with
data of Snyder, 196369)
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Tolerance to Transverse (¥G,) Impact Force

In forward facing transverse (-Gy) impact, tolerance limits for man are
approximately 50 G peaks at 500 G/sec rate of onset for 0.25 second’s duration,
provided there is adequate upper torso restraint (Stapp, 1951a). However,
changes in the rate of onset directly affect human response for various impulse
durations (Stapp, 1949-1968; Stapp & Hughes, 1956; Stapp & Blount, 1957,
Eiband, 1959; Stapp, et al., 1964; Stapp, 1965). Air Force design recommenda-
tions are approximately 45 G for a duration of 0.1 second and 25 G for a
duration of 0.2 second (U.S. Air Force, 1969). Restraint in the experiments
establishing these limits was by means of a double harness with 3 inch wide
shoulder straps, a seat belt with thigh straps, and a chest belt. With a less
adequate restraint system, some debilitation and injury may occur at these levels
and greater tolerance may be found with better protective systems.

Stapp reported that peak acceleration of approximately 45 G (0.09 second’s
duration) with a rate of onset of 500 G/sec resulted in no signs of shock. Yet, he
found that 38 G’ for 0.16second at onset rates higher than 1300 G/sec
produced signs of severe shock (Stapp, 1949; 1968) and 45 G (for 0.23 second)
at 413 G/sec produced severe delayed effects (run 215, Stapp, 1949). A higher
rate of onset usually implies a higher content of high frequency energy in the
acceleration pulse, with a higher energy transfer to the human. Unfortunately,
the data are too few and too often uncontrolled with respect to restraint systems

for adequate interpretation (Holcomb, 1961; NASA, 1965).

Human tolerance for impact in rearward facing (+Gy) body orientation has
not been clearly established. Humans have survived impact, with reversible
injuries, at a level of 83 G (chest acceleration, not actual input) at 3800 G/sec
for 0.04 second’s duration (Beeding & Mosely, 1960). The accepted Air Force
design limit falls between this and the 45 G for 0.1 second end point for eyeballs
out impact (U.S. Air Force, 1969). Stapp (1949) reported human tolerance for
+Gy (rearward-facing impact) to be 30 G for 0.11 second’s duration with a
calculated rate of onset of 1065 G/sec.

Chimpanzee tests, backed by free-fall data for humans, indicate that limits
for survival may be less than 237 G at 11 250 G/sec for 0.35 second’s duration
in the forward-facing (-Gx) body orientation when the subjecl is restrained by
full-body harness, and about 247 G at 16 800 G/sec over 0.35 second’s duration
(Stapp, 1961a) rate of onset. Persistent injury was found above 5000 G/sec rate
of onset, 135G peak and 0.35 second’s duration, although transient injury
effects were observed at 60 G at higher than 5000 G/sec rate of onset in the -Gy
direction (Stapp, 1958a).

Attempts are being made to expand design criteria regarding the relationship
between rate of onset and duration of transverse impact acceleration (U.S. Air
Force, 1969). Figure 64 gives data related to abrupt transverse (£G ) impacts
which have been survived by men and animals. In view of these gaps in the data,
the general form of the curves in this figure merits some comment (NASA,
1965). It can be seen that for duration limes up to 0.01 second, the tolerance
level drops off linearly (log-log scale) as duralion time increases. This can be
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explained in terms of dynamic response, since the critical human response occurs
as in a relatively low frequency system. Short duration impacts do not possess
sufficient energy to excite maximum response of this low frequency system.
When full overshoot is attained (at about 0.01 second) any further increase in
the duration of impact does not increase the man’s response for a given input
level, until the “long” duration regime is approached when hydraulic effects

become noticeable and reduce the tolerance level still further (see also
figure 6-12).
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Figure 6—4. Survivable abrupt transverse ( £ Gy ) impact. Reference numbers are those
in original reports. (After Webb, 1964; based on data of Eiband, 1959)
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Figure 65 presents data for tolerance to +Gyx impact as a function of
velocity change and average acceleration. The curves of Gurdjian (1954) were
calculated to define the dividing line between mild injury (no damage) and
severe injury such as shock and retinal hemorrhage in humans, in terms of
velocity change and average acceleration force. There are few human
experiments at the high accelerations. Animal data support the shape and
approximate location of the curve (Kornhauser, 1964). Because of an error
found in the original calculations, they were recalculated and plotted as shown.
Good agreement is noted except for the 0 to 0.02 region where the earlier model
of Gurdjian shows a greater permissible velocity. It can be seen that for
exposures of less than 0.02 to 0.06 second, the change in velocity, rather than
the acceleration level, determines tolerance (as predicted by figure 6-12). More
human data are needed to define the curve at short exposure durations.
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Figure 6—5. Tolerance to rearward +Gy short-duration accelerations as a function of
velocity change and average acceleration. Dashed line represents +Gy tolerance curve for
injury as determined by Kornhauser and Gold (1961), corrected for errors found in the
original duration times. The solid line is the tolerance curve resulting from more recent
analysis of available usable impact data by Stanley Aviation Corp. (NASA, 1965). [ After
NASA (Stanley Aviation Corp.) 1965].

Tolerance to Vertical (+G,) Impact Force

Design curves for ejection seat and escape capsules (HIAD, 1960; General
Dynamics, 1961) have been vague regarding the relationship between rate of
onset and duration, especially in the region of short duration impact (Holcomb,
1961). For example, whole body deceleration of 50-pound chimpanzees at 3 -G,
using a trapezoidal deceleration profile with a plateau of 50- to 60-msec duration
resulted in G amplification of 2.0 to 2.5 times the sled G, as detected by a
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miniature accelerometer rigidly mounted on the calvarium (Sonntag, 1967).
Figure 6-6 gives data which may be helpful in this regard. It shows the
durations and magnitudes of abrupt vertical decelerations, in both the
tailward (-G;) and headward (+G,) directions, which have been withstood

by animals and man.

Impact tolerance has been assessed in terms of impact pressure (i.e.,
force per unit area) as well as from the magnitude-duration point of view.
The +G, (headward) case is illustrated in figures 6-7 and 6-8. There is a
considerable area of unknown effect between the region of voluntary human
exposure and the region of known injury. The unknown area covers about
206G in the ordinate in figure 6-7, which includes the region of most
interest in space operations. It is clear from the figure that the boundaries
of injury versus non-injury are not yet particularly well defined, and a few
more reliable points might well change the general shape of the curves,
particularly in the impulse region.

Tolerance to Lateral (iCy) Forces

Lateral (#¥Gy) impact tolerances appear to be considerably lower than is
tolerance in either the transverse (#Gy) or footward (+G,) body
orientations, with a maximum of 14.1 peak sled G at 600 G/sec for
0.122 second’s duration under full body restraint (Sonntag, 1968). When the
subject is restrained by a lap belt only, the voluntary tolerance limit for
belt (-Gy) lateral impact has been reported to be only 9G (average) for a
duration of approximately 0.1 second (Zaborowski et al., 1965; Zaborowski,
1966). More recent tests with the F-111 restraint system (General Dynamics
version) resulted in subjective tolerance levels at 9.2 to 10sled G, or 12 to
14G on the chest (Sonntag, 1968). Few right lateral impact (+Gy) tests
have been done, but in this orientation with full Mercury mission-type body
restraint, the subjective tolerance level has been reported to be above
215G (sled) maximum for 1190 G/sec and 0.121 second’s duration (Weis et
al., 1963a). With the early Apollo restraint system, 18.7G (sled) was
tolerated with no complaints (Brown et al., 1966).

Computer Analyses of Plateau Tolerances

Recent attempts have been made to supplement empirical curves with
preliminary computer models employing impedance and resonance
techniques (NASA, 1965). An analysis of headward (+G,) accelerations has
shown that the maximum plateau input acceleration can probably be taken
as 40 G with some degree of confidence. Although essential for computer
studies, the selection of an equivalent spinal frequency (w) is not so well
defined. Because of the shortage of results in the impulse region, the most
reliable evidence can be taken from the critical velocity change deduced
from drop tests which give a value for w of 225 rad/sec (Swearingen et al.,
1960).
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Figure 6—7. Impact senstivity in terms of force per unit area for +G, impact. For
shorter exposures, the body is believed to act as a rigid mass; for longer exposures,
effects are caused by shifts in body fluids and tissues. Data points are taken from
human experiments in drop towers, falls, and rocket sleds with various restraint
devices. Two shaded areas define approximate areas of effect in terms of impact
pressure for any duration. (After Webb, 1964, adapted from Thompson, 1962)
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In the transverse, backward direction (+Gy) the plateau tolerance line
falls at a value of 45 G for the input acceleration, and the most reasonable
position for the impulse tolerance line corresponds to an equivalent
frequency of 95 rad/sec. This is somewhat higher than the value suggested
by the evidence from accident survival. The adoption of the more
pessimistic tolerance line appears justified since it satisfies the few sled test
points available, and accident cases usually represent extreme end points and
cannot be precisely reconstructed. No satisfactory conclusions can be made
from the transverse forward data (-Gx) but a frequency of 95 rad/sec, as for
the backward case, is suggested. From a physiological standpoint, the
plateau tolerance level for forward facing impact might be lower than that
for the backward direction because of the position of the spine relative to
the internal organs, but this also depends upon restraint. Until more
relevant tests have been conducted, it is suggested that the allowable peak
input acceleration be taken as 35 G.

Tentative impact tolerance parameters suggested for use with the single
degree of freedom, undamped dynamic model, are given in table 6-2. It
should be remembered that these values are applicable to an undamped
model. Damping will introduce changes in the tolerance levels considered to
be small enough to be ignored at this stage of model development. Analytic
results are also available for two and three degrees of freedom models
(NASA, 1965). These bring out the factors determining the drop in
tolerance levels at the longer durations of figurcs 64 and 6-6. The exact
shapes of the curves are determined sequentially by tolerance of the head,
lumbosacral, and spine-abdomen system as the duration of impulse is
increased.

Table 6—2

Tentative Impact Tolerance Parameters for Use With Single Degree
of Freedom Undamped Dynamic Models

Impact Direction
Parameter Headward (+G,) Backward (+G,) Forward {-G,)
Equivalent frequency 225 rad/sec 95 rad/sec 95 rad/sec
Maximum allowable mass
acceleration +80 G, +90 G, -70G,
Impulse region 0 — 0.009 sec 0—-0.02 0—-0.02
End of plateau .00 sec .06 sec .08 sec

{After NASA, 1965, Stanley Aviation Corp.)

Tolerance to Peak Impact Accelerations

Figure 6-9 indicates the peak accelerations that have been survived
without permanent injury. Figure 6-10 shows the greatest vertical impact
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subjects would voluntarily endure and the type of symptoms noted at given
rates of onset. Freefall studies have indicated that the critical entrance
velocity for human survival of water impact is about 100 ft/sec, feet-first
(+G), and 97 ft/sec in the head-first (-G;) body orientation (Snyder, 1965;
Snyder & Snow, 1967). These velocity calculations were corrected for aero-
dynamic drag and are thuslower than standard values.
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Other Factors Affecting Impact Tolerance

Besides the numerous factors affecting human tolerance to impact which
have been indicated in studies to date, new environmental factors
encountered in space flight may also exert some degree of influence. In extended
space flight, astronauts will be exposed to ionizing radiation which may
substantially change the functional state of the organism. However, no
information is yet available concerning the effects of ionizing radiation on
human impact tolerance and only a little animal data has been gathered.
Exposure of mice irradiated in doses of 250 to 850 R to prolonged accelerations
of 40 to 42 G for 3 minutes resulted in estimates of the limits of overload
resistance of a human subject injured by ionizing radiation of about 52 days
(Davydov et al., 1965). Extensive physiologjcal, histological, and biochemical
monitoring of two turtles aboard Zond-5, showed no correlation between
radiation and impact effects (Gazenko et al., 1969).

Preliminary acceleration studies (centrifuge) have been initiated relative to
the effects of the circadian rhythmicity on impact tolerance, Bolend, 1970, but
biological effects upon man’s impact or deccleration tolerance have not been
reported.

Low -altitude, high-speed flight in turbulent conditions, which exposes crews
to random multiple vertical impacts, has been found to result in markedly
deteriorating performance after one hour of flight as terrain slopes steepen and

airspeed increases from Mach 0.4 to 0.9 (Soliday & Schohan, 1965).

Physiological and Biochemical
Response to Impact

Human tolerance criteria are largely physiologically determined, and it
must be emphasized that most data related to the human have been
obtained at impact levels at or below voluntary tolerance. Very limited
human data, generally obtained in connection with accidents, are presently
available at higher impact injury levels. Most estimates of lethal impact
ranges are extrapolations from animal studiecs. A large number of
environmental factors directly influence physiological responses, including
body orientation, direction of application of force, and magnitude, duration,
and rate of application of the acceleration pulse shape. In addition,
supporting structures and restraint play a major role in variation.

Cardiovascular Response to Impact

Rate of onset has been shown to be a primary limitation and appears to
influence clinical shock directly following impact (Stapp, 1955b; Taylor, 1963).
The mechanisms of this physiological shock, which involve complex,

*In semilunar flight from 15 —21 September 1968; splash down landing in Indian Ocean.
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simultaneous neural-humoral events, are not yet clearly understood. Post-impact
bradycardia, or slowing of the heart rate below 60 beats per minute, has been
well documented (Bierman, Wilder, & Hellems, 1946; Stapp, 1949; Ruff, 1950;
Rhein & Taylor, 1962; Taylor et al., 1962; Weis et al., 1963a; Brown et al.,
1966). At 30 G peak and 100 G/sec, unpleasant pressure sensations, pallor, drop
in blood pressure, increased pulse rate, and occasional retinal venous spasms
reportedly occur. These transient changes were found in the absence of
mechanical failure or tearing of tissues and organs and without bone fracture.
Brown et al., (1966) found that bradycardia post-impact is a function of the
acceleration profile and the subject orientation, but little additional documented
information is available relative to the influence of impact orientation and
magnitude on post-impact heart slowing.

Mild bradycardia is produced at 15 G impact in the forward-facing position
(-Gx) but is not as marked in the rearward-facing (+G) position. Increasing
levels of impact increase both the severity and duration of bradycardia up to the
tested voluntary human limits of 30 G (Taylor, 1963). In impact pulses of less
than 50 msec and less than 15 G the cardio-inhibitory reflex causing slowing of
the heart rate apparently does not occur. At low G forces (7.21 to 15.46 G), a
tachycardia, or speeding up of the heart rate, has been reported (Piotrowski,

1968).

A carotid sinus reflex induced by sustained pressure rise in the carotid
arteries was subjectively observed following exposure to forward-facing (-Gy)
impact of 600 G/sec to a plateau of 15 G sustained for 0.60 second (Stapp,
1961a). The cardiovascular shock effect is characterized by pallor, sweating,
drop in blood pressure and rise in pulse rate. Mild transient shock has been
observed at less than 25 G peaks where duration was less than 0.1 second. Severe
shock has resulted from exposure to 38.6 G at a 1370 G/sec onset rate for
0.12 second’s total duration (8 to 9 Hz resonant frequency) (Stapp, 1961b).

Hematological and Biochemical Change

In man, various changes in chemical constituents of the blood as well as
adrenal gland activity have been reported to occur in conjunction with impact
accelerations. Reduction in blood platelets (thrombocytopenia) after for-
ward-facing (-Gy) impact at 20G (peak sled G) was observed one hour
postiimpact at 400 to 800 G/sec onset rates (Taylor, 1963). Sympathoadrenal
response to impact was suggested due to changes found in measurement of
urinary excretion of vanelmandelic acid (VMA) (Hanson & Foster, 1966). More
precise  measurement of norepinephrine, epinephrine, and 17-hydro-
xycorticosteroid in urine pre- and post-impact showed a definite connection
with sympathoadrenal function and emotional stress (Foster & Sonntag, 1969).

Pulmonary and Muscular Effects

In +Gy (rearward-facing) impact levels up to 25 G, no significant impairment
of pulmonary function has been found to occur in the restrained +Gy
(forward-facing) position (Hanson, 1965).
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In lateral (#Gy) impact, minor physical complaints such as muscle stiffness
occurred in approximately 258 G/sec rate of onset for durations of 0.3 to
0.1 second (Zaborowski, 1966).

Physiological Tolerance

Symptoms of various degrees of shock are the first physiological signs
limiting human voluntary tolerance to transverse acceleration. A 40 G peak at
331 G/sec onset rate of 0.32 second plateau duration (wearing upper torso
restraint) can be tolerated with no indication of cardiovascular shock. Further
increase in duration of acceleration (i.e., sustained acceleration) will not affect
response (Lewis & Stapp, 1958). However, in seated forward or rearward-facing
body orientations (3Gy), physiological alterations in man have been reported
when peak forces exceed approximately 15G and onset rates are above
400 G/sec. When these levels are exceeded, subjects turn pale, perspire, and
exhibit transient rises in blood pressure. More severe loads result in uncon-
sciousness. At the maximum acceleration loads which have been applied,
immediate effects are sometimes not pronounced, but delayed effects occur with
gradual onset over the next 24 hours (Stapp, 1955, 1965; Pesman & Eiband,
1956; Stapp & Hughes, 1956; Stapp & Blount, 1957; Beeding & Mosely, 1960;
Stapp et al., 1964).

The most severe shock observed in human testing occurred in a
rearward-facing (+Gy) impact of 82.6 G at 3826 G/scc measured on the sternum,
or 40.4 G measured on the sled at 2.139 G/sec for 0.04 second’s duration (12 to
14 Hz resonant frequency). In this case there was no blood pressure for
30 seconds postimpact, returning to 70 systolic and 40 diastolic within
5 minutes. The subject complained of severe lower back pain, then lost
consciousness 10 seconds postimpact. He was hospitalized for 3 days to recover

from headache and back pain (Stapp, 1961).

For the lateral body orientation, tolerance has been defined as subject
discomfort with prolonged stiffness and soreness in the neck musculature
(Zaborowski et al., 1965). Tests reported by Sonntag (1966) have placed
voluntary limits in lateral impact with lap belt restraint only at 12 G at which
point anal sphincter pain, attributed to vagal effect and acute dilation of the
sphincter, has been observed. Two episodes of fainting in shock response are
reported, with bradycardia but no nonreversible physiological effects. Earlier,
human tolerance determinations, based upon body kinematics, had placed
tolerance with lap belt restraint alone as well as lap belt plus shoulder harness at
9 G for 0.1 second’s duration.

Apollo Impact Tests

In a study of predicted Apollo command module landing impacts, Stapp and
Taylor (1964) observed that impact forces produced effects to the nervous,
cardio-respiratory and musculoskeletal systems. Neurological effects of impact
were momentary stunning and disorientation. A consistent effect on the
cardiovascular system was transitory post-impact slowing of the heart rate in
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those body orientations in which the decelerative force acts in a footward
direction (inertial force acts headward). Respiratory effects of impact were
momentary shortness of breath and chest pain. Effects to the musculo-skeletal
system were soreness and spasm of muscle groups of the neck and back. No
effect to the human subject was severe enough to exceed human tolerance or to
cause significant incapacitation of undue pain (tables6-3 and 6-4). In table 6-3
subjects” complaints are compiled into 10 categories. The numbers under the
column heading “Category of Complaints” in table 6-3 correspond to the
categories listed in the note at the end of the table. In some tests, more than one
complaint was registered. The “Complaint G Range™ indicates the range of
impact at which complaints occurred, as measured on the sled used in the tests.

To date no evidence of cumulative effects due to repeated exposure to
impact forces close to voluntary tolerance limits has been reported. However,
the number of subjects and exposures are too limited, and physiological and
psychological tests do not permit valid differentiation of subtle effects of such
stress from the changes which occur with time in individuals unexposed to
impact.

Physiological response of man subjected to linear, lateral, vertical, and
free-fall impact, along with transient neurological and psychological alterations
which have been reported, are summarized in tables 6-5 to 6-12. Changes
associated with off-axis impact can be found in table 6-14 at the end of this
chapter.

Biomechanical Factors of Impact

The design capability of manned aerospace vehicles is limited by both the
biological and the biomechanical “breaking points™ of the human body. The
body consists of a skeletal structure, held together by tough fibers, which
provides both mechanical support and a lever system upon which the muscles
act. The basic structural component is the spinal column of vertebrae which has
four curvatures. These curvatures are found only in man with his upright
posture. The vertebrae act as load carrying elements and are separated by
intervertebral discs. These act mechanically as energy absorbers and connecting
linkages. The thoracic organs (heart, lungs, and liver), contained in the rib cage,
and the abdominal viscera are suspended freely by connective tissues from the
muscle and bone framework.

Tissues of the human body show mechanical properties such as
compressibility, elasticity, and shear and tensile strength. In general, biological
materials are multiphase, nonhomogeneous, anisotrophic, and nonlinear. Fluids
are generally non-Newtonian and solids are non-Hookean. Much work has been
done to determine the mechanical properties of tissues, but the
stress-strain-history law is not known for any tissue (Fung, 1968). Live, whole
body response is known to be nonlinear and to exhibit a high degree of rate
sensitivity (McElhaney & Byars, 1967). The body responds to impact with
considerable variation, both within the same individual and between
different individuals.
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Table 6—4

Significant Physical Findings
Post-Impact in Apollo Impact Tests

Significant Physical Findings Test Position  Test Numbers Sled G
. 2 1637 20.0
Harness burns {(all first degree)
1552 230
17 1163 174
1187 189
1204 21.7
1205 258
1456 19.6
. . 19 1295 30.0
Dazed and disoriented (lasting no longer
R 24 1303 28.1
than two minutes post-impact)
1182 246
1403 16.5
9 1387 9.8
1 1817 17.2
21 1610 19.0
17 1187 189
23 11931 195
Respiratory difficulty (lasting no | 18 1215 246
espirato 1¥Ticu ng no longer
piratory y vasting ¢ 1216 23.2
than one minute post-impant)
24 1217 23.7
1403 16.5
Blood pressure difference (20 mm Hg
. 19 1295 30.0
at pre and post run physical exam)
23 1192 19.4
Pulse difference (20 beats/min at pre 17 1456 19.6
and post run physical exam) 24 1441 20.2
12 1819 19.5
i 17 1204 217
Engorged retinal vessels
3 1487 9.2
17 1205 258
1 1817 17.2
Back and/or neck pain and decreased
. 5 1559 25.1
range of motion
1591 21.0

{Brown et al., 1966)
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